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DECLARATION UNDER 37 C.F.R. L132 
I, Xiao Li, do hereby make the following declaration: 

1. As shown by my attached cv, I have served as Manager and Principal Scientist 
of Assay Development at BD Biosciences since 2004. I have seven years of research and 
development experience developing screening assays in the biomedical and 
biotechnology industries. From 2002 to 2004, 1 was a Senior Application Scientist for 
Molecular Devices Corporation; from 1999 to 2001, 1 was a staff scientist at Invitrogen 
Corporation; and from 1 998 to 1 999, T was a postdoctoral scientist at Life Technologies, 
Inc. I earned a B.S. in Genetics and Genetics Engineering from Fudan University in 
Shanghai, a M.S. in Molecular Biology from the University of Rochester, and a Ph.D. in 
Molecular Biology from the University of Rochester. 

2. I have read and understand the Office Action that was mailed June 13, 2005, in 
the above-referenced application, including the rejection under 35 U.S.C. § 112, first 
paragraph. It is my understanding that the basis for the rejection is that the specification 
does not disclose the use of a negative control to identify activity of a specific exogenous 
(non-native) G protein-coupled receptor (GPCR), to the exclusion of endogenous GPCRs. 
Further, it is my understanding that the Office Action asserts that a comparative step that 
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employs a cell that is otherwise identical to the test cell but for the presence of the GPCR 
of interest is critical to the practice of the invention. 

3. In response, it is my expert opinion that any scientist working in the fields of 
molecular biology and protein interactions is well aware that it is routine to include 
appropriate controls in any scientific experiment. In particular, it was well known at the 
time this application was filed that assays to detect activity of exogenous GPCRs may 
include the use of controls to account for endogenous GPCR activity, as would be 
commonly used in any biological assay measuring the activity of a transfected, 
exogenous protein. Furthermore, it was well known in the art that a negative control for 
GPCR expression is not always necessary, for instance where the host cell is known not 
to express relevant endogenous GPCRs, 

4. This declaration summarizes references which were publicly available prior to 
(he filing of the above-referenced application and which are relevant to my conclusion 
that a scientist practicing in this field would have known when to use a control as part of 
the claimed invention and would have known what controls should be used, 

5. Glucagon-like peptide 2 receptor (GLP-2R) is a member of the parathyroid 
hormone receptor-like G Protein-Coupled Receptor B family, Glucagon-like peptide 2 
(GLP-2) is a ligand of GLP-2R. Munroc et al published the results of a cAMP assay in 
1990 in which COS cells were transiently transfected with a GLP-2R expression 
construct in order to assess whether a predicted GLP-2R sequence encoded a functional 
receptor (see page 1572, column I, first full paragraph of Munroc et ai, Proc. NatL Acad. 
Scu USA., 96: 1569-1573, 1990). As Figure 2(A) illustrates, untreated cells, vector only 
cells (/.<?., no GLP-2R expression), cells treated with Forskolin (an activator of the cAMP 
pathway), and cells expressing various other polypeptides were used as controls in the 
assay to compare to the response of the GLP-2R transfected cells exposed to GLP-2. 
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6. Lee et at. published data in 1998 which suggests that sphingosine-1 -phosphate 
is a ligand for G protein-coupled receptor EDG-1 and that overexpression of EDG-l 
induces exaggerated cell-cell aggregation (see Lee et at., Science, 279: 1552-1555, 1998). 
HEK293 cells were transfected with human EDG-1 cDNA in an expression vector or 
transfected with an expression vector only as a negative control (see page 1 552, column 
2). Figure 2(a) on page 1553 shows the results of an aggregation assay which includes a 
vector control as well as a EDG-1 only control (f, c, no added activator or inhibitor). 

7. A 1999 publication authored by Nothacker et al describes how an orphan G 
protein-coupled receptor referred to as GPRI4 was identified as a receptor for 
mammalian urotensin II (see Nothacker et al, Nature Cell Biol, 1 : 383-385, 1999). In 
order to identify the ligand of GPR14, peptide extracts from a variety of mammalian 
tissues were fractionated by preparative reverse-phase high-performance liquid 
chroraotography, and aliquots were tested for induction of change in intracellular Ca 21 in 
Chinese hamster ovary cells (CHO) transiently transfected with GPR14 cDNA, non* 
transfected CHO cells, and control CHO cells transfected with other orphan receptors 
(see page 383, second paragraph). A reproducible change in Ca 2+ concentration was 
observed in two adjacent fractions containing urotensin II for the cells transfected with 
GPR1 4 cDNA but not for the control cells. 

8. Apoptosis can be mediated by activation of a G protein-coupled receptor for 
parathryoid hormone (PTH) and parathyroid hormone-related protein (PTHrP). The G 
protein-coupled receptor, referred to as PTHR, is capable of signaling in response to PTH 
or PTHrP through the activation of phospholipase C resulting in increased Ca 2+ and 
through the activation of adenylyl cyclase resulting in cAMP production. In 2000, 
Turner et al, published the results of experiments conducted to determine whether 
activation of phospholipase C and/or activation of adenylyl cyclase are responsible for 
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triggering apoptosis in HEK293 cells (see Turner et aL t MoL Endo.. 14: 241-254, 2000). 
The HEK293 cells used in the experiments were engineered to express wild-type 
opossum PTHR while lacking endogenous PTHR, therefore negating the need for a 
negative GPCR control (page 242, column 1 , lines 3 1 -33). Figure 6(B) provides the 
results of an apoptosis assay in which the control consists of HBK293 eel Is: expressing 
opossum PTHR without the addition of activators and inhibitors. 

9. In summary, having reviewed the above-referenced application and the 
pending claims, it is my expert opinion that any scientist practicing in this field would 
know how to routinely use appropriate controls in any scientific method. Furthermore, 
given the references discussed above, which are exemplary of the field of GPCR 
expression prior to October 26, 2001 (the priority date of the subject application), a 
scientist working in this field would know when and how to include the use of one or 
more controls in the method of the instant invention. As described in the references 
above, it was well known that the control for a cell transfected with a GPCR expression 
vector can be an identical cell transfected with only the expression vector or a non- 
transfected cell. It was also known that a negative control is not necessary, however, if 
the cell expressing the exogenous GPCR is void of endogenous GPCR. 

10. I farther declare that all statements made herein of my own knowledge are 
true, and that all statements made on information and belief are believed to be true, and 
further, that these statements were made with the knowledge that willful false statements 
and the like so made are punishable by fine or imprisonment, or both, under Section 1001 
of Title 1 8 of the United States Code, and that such willful false statements may 
jeopardize the validity of the application or any patent issuing thereon. 
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E-mail 



17826 Fairlady Way, Germantown, MD 20874 

240-888-6049 

xiao li(5)bd.com 



EDUCATION 



1993-1997 
1991-1993 
1987-1991 



Ph. D. Molecular Biology, University of Rochester, Rochester, NY 
14627 

Master of Science, Molecular Biology, University of Rochester, 
Rochester, NY 14627 

Bachelor of Science, Genetics and Genetic Engineering, Fudan 
University, Shanghai, P. R. China. 



PROFESSIONAL EXPERIENCE 



2004 to current 



Manager & Principal Scientist of Assay Development, Bioimaging 
Systems R&D, BD Biosciences. 

Projects: Managing the assay development team to develop 
assays for high throughput GRCR and ion channel screenings. 
Designing and develop assays for BD's high content analysis 
platform. 

• Lead the assay development team to develop assays for 
drug discovery: 

1. Optimize the ACTOne assay, the only high-throughput 
GPCR screening technology to directly measure the 
intracellular concentration of the secondary messenger 
cAMP in living cells, in real-time. 

2. Further develop the ACTOne assay for deorphanizing 
receptors and monitoring endogenous receptor activities in 
both cell lines and primary cells. 

3. Provide consultation to ACTOne users in high throughput 
screening labs in pharmaceutical and biotech companies. 

4. Develop, manufacture and QC the ACTOne cell lines 
that stably express GPCRs for high throughput screenings. 

5. Develop, manufacture and QC proprietary assay kits to 
for high throughput GPCR and ion channel screenings. 

6. Collaborate with other sites within the organization to 
apply the in-house technologies to the bioimaging platform 
for developing high content analysis applications. 



SI 



2002 to 2004 



• Participate in evaluating new technologies and collaborating 
with other companies in cell analysis field. Lead one of the 
evaluation projects and one of the collaboration projects 
across the sites in BD Biosciences. 

• Participate in the strategic planning team for designing next 
generation instrumentations and assay platforms in cell 
analysis field. 

• Present seminar on the ACT One technology in 
pharmaceutical companies. Train technical support groups at 
different sites in BD Biosciences. 

Senior Application Scientist for Molecular Devices Corporation, a 
major instrumentation and assay platform supplier for high 
throughput screening society. 

Projects: Worked with high throughput screening labs in 
pharmaceutical and biotech companies to develop assays with 
Molecular Devices' instruments for high throughput screenings. 

• Provided consultation and support to scientists in assay 
development and high throughput screening labs. Developed 
and trouble shot the following assays: 

1 . Cell based assay for GPCR screening: FLIPR assay, 
cAMP assays, SPA binding assay, BRET assay and 
reporter gene assays. 

2. Cell based assay for ion channel screening: membrane 
potential measurements and automated patch clamp. 

3. Biochemical assays for kinase, phosphatase and 
phosphodiesterase screening: IMAP assay, HTRF assay, 
DEFIA assay and Elisa based assays. 

• Demonstrated and trained customers on drug discovery 
instruments and softwares. The instruments include: 

1 . FLIPR, the industrial standard instrument for cell-based 
high throughput GPCR and ion channel screenings. 

2. FlexStation, a medium throughput instrument mainly for 
assay development of a FLIPR assay. 

3. CLIPR, a microplate imager for high throughput 
screening of luminescence and SPA assays. 

4. Analyst, a multimode PMT based plate (96, 384, 1536 
well plates) reader to read fluorescence intensity, 
fluorescence polarization, time resolve fluorescence, 
absorbance and luminescence. 

5. Discovery 1 , an integrated system for cell based high 
content screening applications. 

6. lonWorks HT, an automated patch clamp instrument that 
dramatically increases the throughput of Ion-channel 
screening and drug safety testing (hERG channel 
activity). 

• Studied various screening platforms, analyzed pros and cons 
of each method, identified emerging technologies, and wrote 
technical and marketing reports to the product development 
teams. 

• Trained new application scientists. 



Staff Scientist, Invitrogen Corporation. 

Projects: Specialized in developing tools for functional genomics 
and proteomics fields. 

• Developed the yeast reverse two-hybrid system, a powerful 
tool to screen for specific compound or proteins that interfere 
with protein-protein interactions. 

• Developed a new version of the yeast forward two-hybrid 
system compatible with Invitrogen's flagship product, the 
Gateway Cloning System. 

• Wrote large sections of the manual for the yeast two-hybrid 
system kit. 

• Developed the Gateway Cloning System cDNA library 
transfer kit. 

• Involved in developing high throughput protein expression 
platform. 

• Provided consultation and technical support to internal and 
external customers. 

• Provided training and technical lectures for coworkers, 
customers and collaborators. 

• Set up yeast Two-Hybrid screening service labs at the 
company headquarter and the division in Japan, and applied 
automations to increase the throughput. 

• Initiated and coordinated collaborations with several 
academic labs to develop new technologies. 

Postdoctoral Scientist, Life Technologies Inc. 
Project: 

• Developing the yeast reverse two-hybrid system. 

Howard Hughes Research Associate at Duke University. 
Research Project: 

• Studied the mechanism of how rapamycin, an 
immunosuppressive antifungal product, affects translation 
efficiency of multiple genes and interferes with the signal 
transduction pathways. 

Graduate Research Assistant at Department of Biology at 
University of Rochester. 
Research Projects: 

• Studied structure and function relationship ofE. coli 
ribosomal protein L4. 

• Cloned the Bacillus subtilis ribosomal protein S10 operon, 
and analyzed transcriptional and translational regulation 
mechanisms of this 15kb cluster. 

• Studied the ribosomal RNA processing pathways, especially 
the processing of ITS-I (intragenic transcribed spacer I) 
region, in yeast Saccharomyces cerevisiae. 

Undergraduate Research Assistant at the Institute of Genetics, 
Fudan University. 
Research Projects: 

• Subcloned and expressed human interleukin-2 receptor (IL- 
2R) gene in Chinese Hamster Ovary (CHO) cell line. 



• Examined the importance of the 3'-untranslated region of the 
IL-2R mRNA by deletion analysis. 
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1992 
1993 
1999 



Teaching Assistant for Cell Biology, University of Rochester 
Teaching Assistant for Genetics, University of Rochester 
Reviewer for scientific journal Gene 



AWARDS 



1997 
1988 
1984 



1998 
1991 
1987 



Howard Hughes Medical Institute Research Associate Fellowship 
Academic Excellence Scholarship, Fudan University 
Valedictorian of the High School Affiliated with East China 
Normal University, Shanghai, China 
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ABSTRACT Glucagon-like peptide 2 (GLP-2) is a 33-aa 
proglucagon-derived peptide produced by intestinal enteroen- 
docrine cells. GLP-2 stimulates intestinal growth and up- 
regulates villus height in the small intestine, concomitant with 
increased crypt cell proliferation and decreased enterocyte 
apoptosis. Moreover, GLP-2 prevents intestinal hypoplasia 
resulting from total parenteral nutrition. However, the mech- 
anism underlying these actions has remained unclear. Here we 
report the cloning and characterization of cDNAs encoding rat 
and human GLP-2 receptors (GLP-2R), a G protein-coupled 
receptor superfamily member expressed in the gut and closely 
related to the glucagon and GLP-1 receptors. The human 
GLP-2R gene maps to chromosome 17pl33. Cells expressing 
the GLP-2R responded to GLP-2, but not GLP-1 or related 
peptides, with increased cAMP production (EC 50 = 0.58 nM) 
and displayed saturable high-affinity radioligand binding (K d 
= 0.57 nM), which could be displaced by synthetic rat GLP-2 
(Ki = 0.06 nM). GLP-2 analogs that activated GLP-2R signal 
transduction in vitro displayed intestinotrophic activity in vivo. 
These results strongly suggest that GLP-2, like glucagon and 
GLP-1, exerts its actions through a distinct and specific novel 
receptor expressed in its principal target tissue, the gastro- 
intestinal tract. 



Glucagon-like peptides (GLPs) encoded by the proglucagon 
gene play key roles in glucose homeostasis, gastric emptying, 
insulin secretion, and appetite regulation (1). Glucagon and 
GLP-1 exert their effects through distinct G protein -coupled 
receptors (GPCRs). In contrast, unique receptors for GLP-2, 
glicentin, and oxyntomodulin have not yet been identified, 
despite considerable attempts at receptor isolation via classical 
molecular biology approaches (2). Recent studies have shown 
that GLP-2 is a potent intestinal growth factor that stimulates 
crypt cell proliferation and inhibits epithelial apoptosis (3). 
GLP-2 promotes epithelial proliferation in both small and 
large intestine; however, the mechanisms utilized by GLP-2 for 
promotion of intestinal growth remain unclear. 

To understand the mechanisms underlying GLP-2 action, we 
have carried out studies directed at the identification and 
cloning of the putative GLP-2 receptor. We now have isolated 
rat and human cDNAs encoding GLP-2-responsive GPCRs, 
which show highest similarity to receptors for glucagon and 
GLP-1. The GLP-2R is coupled to activation of adenylate 
cyclase, and the receptor is expressed selectively in rat hypo- 
thalamus and the gastrointestinal tract, known targets of 
GLP-2 action. These findings establish GLP-2 as a novel 
hormone that, like glucagon and GLP-1, exerts its actions 
through a distinct receptor expressed in a highly tissue- 
restricted manner. The GLP-2R should provide an important 
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target for isolation of small molecules mimicking GLP-2 action 
and for future studies delineating specific mechanisms under- 
lying GLP-2 action in the gut and central nervous system. 

Methods and Materials 

Primers, cDNA Libraries, and Cloning Strategy. Initial 
attempts at low-stringency hybridization of intestine and brain 
cDNA libraries using GLP-1 R/GlucagonR cDNA sequences 
were not successful. Two million cDNA clones from rat 
hypothalamus and rat duodenum/jejunum cDNA libraries 
subsequently were screened with degenerate oligonucleotides 
derived from conserved transmembrane II and VII GPCR 
coding sequences: C4-4 (5'-AACTACATCCACMKGM 
AYCTGTT YVYGTCBTTCATSCT-3 ' ) (IUB nomenclature) 
and C9-2R (5'-TCYRNCTGSACCTCMYYRTTGAS- 
RAARCAGTA-3') (for nomenclature, see ref. 4). First-round 
cDNA plugs (1,057) were isolated in this screen. In a comple- 
mentary strategy, PCR was conducted on intestinal cDNA 
templates by using sets of degenerate PCR primers, based on 
conserved transmembrane amino acid motifs from family B 
GPCRs or from motifs conserved mainly within the glucagon/ 
glucose-dependent insulinotropic polypeptide (GIP)/GLP-1 
receptor subfamily. PCR products were Southern-blotted and 
probed with 32 P-end-labeled C4-4 oligonucleotide. PCRs, 
amplified from rat neonatal intestine cDNA (Stratagene; 
catalog no. 936508) were chosen for cloning. These products 
had been amplified with the degenerate primers M2F (5'- 
TTTTTCTAGAASRTSATSTACACNGT SGGCTAC-3') 
(based on conserved transmembrane domain I sequences) and 
M7R (5 ' -TTTTCTCGAGCCARCARCCASSWRTART- 
TGGC-3') (based on conserved transmembrane III sequenc- 
es). PCR products were cloned into pBluescript, screened by 
filter hybridization with the nested C4-4 oligonucleotide, and 
sequenced, leading to the identification of a sequence frag- 
ment from a novel GPCR family B member, designated WBR, 
that ultimately proved to be the GLP-2R. Two new GLP-2R- 
specific PCR primers, P23-F1 (5 '-TCTGACAGATATG A- 
CATCCATCCAC-3') and P23-R1 (5'-TCATCTCCCTCT- 
TCTTG G CTCTTAC-3 ' ) , were used to screen the 1,057 cDNA 
plugs obtained by hybridization screening, leading to the 
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Fig. 1. Multiple alignment of the human (GL2RHUMAN) and rat (GL2FLRAT) GLP-2R amino acid sequences with human GLP-1, GIP, 
and glucagon receptor sequences. Known receptor sequences are designated by Swiss-Prot identifiers. Alignment was performed with clustal w 
1.60 and rendered with genedoc 2.2. Identities of rat and human GLP-2R sequences is shown in gray, and identities across all five receptor members 
are indicated by black shading. A predicted signal-peptide cleavage site in human and rat GLP-2R is indicated by an inverted triangle. Sue conserved 
cysteine residues are indicated by arrows. Seven predicted transmembrane domains are shown as solid, black boxes labeled with Roman numerals, 
and asterisks are shown for spacing every 20 aa. The GenBank accession numbers for the human and rat GLP-2R sequences are AF105367 and 
AF105368, respectively. 



identification of three independent clones, two from the 
duodenum/jejunum library and a third from hypothalamus, 
which, together, contained a 2,537-bp cDNA insert encoding 
full-length rat GLP-2R. 

To clone the human GLP-2R, the coding region of the rat 
GLP-2R was used to screen a human hypothalamus cDNA 
library (CLONTECH; catalog no. 1172a), from which a single 
positive clone (HHT13) was isolated and sequenced. A full- 
length insert was ligated into pcDNA3 for expression studies. 

Intestinotrophic Activity, cAMP Determination, and Radi- 
oligand-Binding Studies. For cAMP assays, an episomal stable 



cell line was prepared by lipofection of 293-EBNA (Epstein- 
Barr nuclear antigen) cells (Invitrogen) with a pREP7-based 
(Invitrogen) construct containing the Met-42 -> Ile-550 ORF 
of rGLP-2R. Parental 293-EBNA cells, as well as the stable cell 
line rG2R, expressed receptors for vasoactive intestinal 
polypeptide and pituitary adenylate cyclase-activating 
polypeptide. Therefore, the ligand specificity of GLP-2R was 
tested further in transiently transfected COS cells, which 
expressed no functional receptors for any of the ligands tested. 

For cAMP assays, cells were treated at 80% conf luency with 
GLP-2 peptide analogs at concentrations ranging from 10" 12 
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to 10" 5 M for 30 min in medium containing 3-isobutylmeth- 
ylxanthine. The reaction was terminated with the addition of 
95% ethanol and 5 mM EDTA. Aliquots of the ethanol extract 
were used to determine cAMP levels using an enzyme immu- 
noassay kit (Amersham) as described by the manufacturer. 
Results were analyzed with graphpad prism software and 
expressed as pmol cAMP per well. For radioligand-binding 
assays, cells expressing GLP-2R were harvested and homog- 
enized in 25 mM Hepes (pH 7.4) buffer containing 140 mM 
NaCl, 0.9 mM MgCl 2 , 5 mM KC1, 1.8 mM CaCl 2 , 17 mg/ml 
Diprotin A, and 100 /xM phenanthroline. Homogenates were 
centrifuged for 10 min at 1,000 X g at 4°C to remove cellular 
debris. For saturation experiments, membranes containing 25 
jug protein were incubated with increasing concentrations of 
125 I-[Tyr-34]GLP-2 (5-2,000 pM final concentration) in a 
volume of 0.5 ml for 2 hr at 4°C. Nonspecific binding was 
determined by the addition of 10 ptM of native rat GLP-2 and 
subtracted from total binding to estimate specific binding to 
GLP-2R. Parallel experiments confirmed the lack of specific 
binding when the GLP-2R expression construct was not used. 
For competition-binding experiments, assays were initiated by 
the addition of 200 pM (final concentration) of 125 I- 
[Tyr34]GLP-2 with increasing concentrations of competing 
peptide analogs (10~ u to 10" 5 M) for 2 hr as described above. 
Reactions were terminated by centrifugation at 13,000 X g for 
15 min at 4°C. The pellets were washed three times with cold 
50 mM Tris buffer, and radioactivity was quantitated in a 
gamma counter. Results were analyzed by graphpad prism 
software. 

Intestinotrophic activities of various peptide analogs were 
determined by assessment of small bowel weight as described 

(5) , after 14-day treatments with 2.5 /xg of test peptide or PBS 
(vehicle-treated control) administered twice daily. Activity 
was defined as follows: active, small bowel wet weight 40-70% 
greater than in vehicle-treated control animals; partially active, 
20-40% greater than controls; inactive, less than 20% greater 
than controls. 

RNAse Protection Assay. A fragment of GLP-2R cDNA was 
subcloned into pBluescript (Stratagene) for in vitro transcrip- 
tion with T3 or T7 RNA polymerases. The probe, called Fl, 
spanned nucleotides encoding amino acids Met-1 -» Arg-210. 
RNase protection assay was carried out essentially as described 

(6) , using 50 fxg of total RNA from adult rat tissues or 50 /xg 
of yeast tRNA (negative control) or tRNA spiked with a 
known copy number of sense-strand cRNA (for standard curve 
construction). Each sample was hybridized with 100,000 cpm 
of [ 32 P]CTP-labeled antisense cRNA and then digested with 
RNases Tl (140 units/ml) and A (8 tig/ml) at 30 C for 1 hr. 
The deproteinized, ethanol-precipitated probe was run on a 
5% sequencing gel and analyzed after Phosphorlmaging (Mo- 
lecular Dynamics) with imagequant software. RNA copy 
number was calculated by interpolation relative to the standard 
curve after taking the lengths and specific activities of undi- 
gested and digested probes into account. A second RNase 
probe from a different region of the GLP-2R cDNA was used 
to confirm the quantitative results (data not shown). 

RESULTS AND DISCUSSION 

GLP-2 and the peptide hormones GLP-1, glucagon, and GIP 
have closely related amino acid sequences (7). Similarly, the 
sequences of cloned receptors for the latter three peptides 
form a cluster within the parathyroid hormone receptor-like 
GPCRs family B (8-11), suggesting that the GLP-2 receptor 
might also be found within this subfamily. Initial attempts at 
GLP-2 receptor cloning by conventional screening of cDNA 
libraries at low stringency with a combination of GLP-1 and 
glucagon receptor cDNA probes were not successful. Accord- 
ingly, we next used a combined approach of reverse transcrip- 
tion-PCR and hybridization screening followed by expression 
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Fig. 2. Ligand-selective and concentration-dependent cAMP re- 
sponse to rat GLP-2 in transiently lipofected COS cells. (A) Ligand 
specificity of cAMP response to GLP-2. cAMP response to peptide 
analogs of family 2 GPCR ligands was determined in COS cells 
transiently lipofected with the GLP-2R expression vector p587-70 or 
the parental pcDNA3 expression vector. GLP-2 concentration was 1 
nM; all other peptides were used at 10 nM. A similar profile of peptide 
specificity was observed with the human GLP-2R (data not shown). 
(B) Concentration-response curve for cAMP accumulation in re- 
sponse to synthetic rat GLP-2 in rG2R cells stably expressing GLP-2R. 

analysis of candidate cDNAs. As described in Methods and 
Materials, this strategy resulted in the isolation of a 2,537-bp rat 
GLP-2R cDNA insert encoding a 550-aa putative family B 
GPCR (Fig. 1). Hydropathy analysis of the GLP-2R amino acid 
sequence revealed a typical 7-transmembrane topology plus a 
hydrophobic amino- terminal signal peptide (data not shown). 
The GLP-2R gene product belongs to the GLP-l/glucagon/ 
GIP receptor gene subfamily. Conserved features include a 
possible signal-peptide cleavage site between Val-64 and Thr- 
65, potential N-glycosylation sites within the amino-terminal 
putative extracellular domain, and six cysteine residues con- 
served in the mature GLP-1, GIP, and glucagon receptor 
amino-terminal domains (Fig. 1). Two putative alternative 
translation initiation codons, Met-1 and Met-42, were found 
amino-terminal to the first transmembrane domain in the rat 
GLP-2R. Functional analysis of Met-1 and Met-42 site- 
directed mutants showed they were functionally identical 
(unpublished results), consistent with signal-peptide removal 
predicted to yield an identical 486-aa mature polypeptide. 
Overlapping regions of the hypothalamus and duodenum/ 
jejunum cDNA clones encoded homologous polypeptide frag- 
ments. Moreover, no evidence was obtained for differential 
splicing of intestinal GLP-2R RNA from an RNase protection 
assay employing two nonoverlapping probes derived from 
GLP-2R cDNA, which together spanned 387 of the 550 
GLP-2R codons (data not shown). Additionally, sequencing of 
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Fig. 3. Binding of 125 I -[Tyr-34] GLP-2 to cell membranes prepared 
from rG2R cells stably transfected with GLP-2R cDNA. (A) Satura- 
tion isotherms of the specific binding of 125 I -[Tyr-34]GLP-2 to 
membranes. Results shown are representative of six independent 
experiments, each conducted in triplicate. From Scatchard analysis 
(Inset), maximal-binding fi max was estimated at 1,839 fmol/mg protein, 
and a Ka value of 0.57 nM was obtained. (B) Competition binding of 
125 I-[Tyr-34]GLP-2 binding to cell membranes in the presence of 
unlabeled peptides. Data are shown for the concentration-dependent 
inhibition of 125 I-[Tyr-34]GLP-2 binding (200 pmol) to GLP-2R by 
various peptide analogs from at least two independent experiments 
conducted in triplicate. Inhibitory constants (Ki) were estimated by 

USing GRAPHPAD PRISM. 

the full-length human GLP-2R cDNAs confirmed the identity 
of hypothalamic and gastrointestinal GLP-2Rs (Fig. 1). 

To assess whether the predicted GLP-2R sequence encodes 
a functional GLP-2 receptor, a GLP-2R expression construct, 
p587-70, was transiently transfected into COS cells. Because 
related family B GPCRs show functional coupling to cAMP 
production mediated by the heterotrimeric G protein Gs, 
cAMP accumulation was measured after incubation with 
GLP-2. Treatment of GLP-2R-transfected COS cells with 1 
nM GLP-2 resulted in a 4-fold rise in cAMP levels relative to 
untreated cells, approximately equal to the response seen with 
10 jiM forskolin (Fig. 24). Treatment with 10 nM GLP-1, 
glucagon, GIP, exendin-3, and seven other family B GPCR 
ligands did not induce cAMP production in p587-70- 
transfected cells. Control cells transfected with vector DNA 
alone failed to respond to any of the peptides tested, including 
GLP-2, though forskolin did induce cAMP production. 

With a stable GLP-2R episomal expression cell line, rG2R, 
greater than 20-fold cAMP induction routinely was achieved with 
1 or 10 nM GLP-2 (data not shown), confirming the potent 
induction of cAMP accumulation by GLP-2. In contrast, the 
nontransfected 293-EBNA cells showed no response to GLP-2. 
The EC 5 o of the cAMP response to GLP-2 in rG2R cells was 0.58 
nM (Fig. 2B). The presence of saturable, specific, ligand-selective 



GLP-2-binding sites on these cells was shown by using a radio- 
iodinated, C-terminally extended GLP-2 analog, 125 I-[Tyr- 
34]GLP-2 (Fig. 3A). From Scatchard analysis of the saturation 
isotherms, a B mv0L value of 1,839 fmol/mg of protein and a K4 of 
0.57 nM were obtained for the radioligand. Mock-transfected 
cells showed no specific binding to the radioligand (data not 
shown). Competition-binding studies with rat GLP-2 revealed a 
high-affinity site (AS = 0.06 nM) and a low-affinity site (K { = 259 
nM) (Fig. 3B). In contrast, no high-affinity GLP-1 sites were 
observed in the transfected GLP-2R/rG2R clone. K { values 
determined for GLP-1, glucagon, and GIP peptides were 928, 
500, and 765 nM, respectively. Although the binding and Scat- 
chard data may reflect, in part, a degree of receptor overexpres- 
sion, the functional studies and binding data provide firm evi- 
dence for a cDNA that encodes a functional high-affinity, ligand- 
selective GLP-2 receptor. 

The human GLP-2R polypeptide showed 81.6% similarity to 
rat GLP-2R (Fig. 1). Functional expression of the cloned human 
GLP-2R conferred a functional response to GLP-2 and the 
appearance of high-affinity ligand-binding sites on 293-EBNA 
cells, similar to data obtained with the rat GLP-2R (data not 
shown). Furthermore, the cloned human GLP-2 receptor exhib- 
ited the same profile of peptide-binding specificity (Fig. 2A and 
unpublished data) as the rat receptor. The gene encoding human 
GLP-2R was identified by screening an arrayed BAC library of 
human genomic DNA (Genome Systems, St. Louis), confirmed 
by sequencing, and mapped to chromosome 17pl3.3 by fluores- 
cence in situ hybridization analysis (data not shown). 

A quantitative ribonuclease protection assay method was 
used to determine the tissue distribution of rat GLP-2R RNA 
because no signals were detected on multitissue Northern 
blots. GLP-2R RNA levels were highest in jejunum, followed 
by duodenum, ileum, colon, and stomach, whereas expression 
was undetectable in seven other tissues (Table 1). This expres- 
sion pattern is clearly concordant with previously reported 
functional responses to GLP-2 in duodenum (12, 13), jejunum, 
ileum (5, 12, 14, 15), and colon (12, 16, 17); in contrast, no 
proliferative or histological changes were seen after GLP-2 
treatment in spleen, heart, kidney, lung, or brain (18). Thus, 
GLP-2R expression is detected in known GLP-2 target tissues. 
This observation, together with the functional data from 



Table 1. 


Quantitative GLP-2R RNA distribution in various rat 


tissues determined by RNase protection 








/3-Actin 






Fl quantitation, 


quantitation, 






copies per ixg 


copies per fxg 


GLP-2R/-actin, 


Tissue 


total RNA 


total RNA 


ratio 


Jejunum 


11,900 


15,500,000 


76.8 X10- 5 


Duodenum 9,150 


85,700,000 


10.7 X10- 5 


Ileum 


7,490 


51,400,000 


14.6 X10" 5 


Colon 


4,150 


19,800,000 


21.0 X10- 5 


Stomach 


1,530 


23,600,000 


6.48 x lO" 5 


Brain 


<600 


40,600,000 


<1.48 X lO" 5 


Heart 


<600 


6,600,000 


<9.09 X lO" 5 


Kidney 


<600 


14,900,000 


<4.03 x 10" 5 


Liver 


<600 


16,700,000 


<3.59 X 10~ 5 


Lung 


<600 


38,500,000 


<1.56 x 10" 5 


Muscle 


<600 


4,600,000 


<13.0 X 10" 5 


Spleen 


<600 


44,800,000 


<1.34 X 10" 5 



Total RNA (50 jxg) from rat tissues or sense-strand cRNA standards 
was hybridized to radiolabeled antisense cRNA probes prepared in 
vitro from GLP-2R cDNA (Fl) or actin cDNA. After RNase digestion 
as described in Methods and Materials, protected probe was precipi- 
tated, electrophoresed, and quantitated by Phosphorlmage analysis 
relative to the standard curve obtained from sense-strand cRNA. RNA 
quantitation is expressed as copy number per fig of total RNA. 
GLP-2R RNA copy number was detectable to a lower limit of 30,000 
copies per 50 fig sample, setting the limit of detection shown above for 
nongastrointestinal tissues. 
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Table 2. In vitro and in vivo activity profiles of selected peptide analogs of GLP-2 



K u nM a * 



In vivo 



Peptide 


High-affinity 


Low-afinity 


EC 5 o, nMt 


£mac, % t$ 


activity** 
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LDy — to 


1 nn ■+■ n o 


100 ± 0 


Active 


N- AC-rULr-Z( 1 - 33) 




IhU _ z 


ZU.o X U.i 


80 1 + 7 


PnrtJullv artivp 


[Arg- 1 jru Lr -L\ 1 -33 ) 


MA 

IN A. 


„ * 

fx 


y\jx _ 


69.0 ± 2 


Tn artivf* 


[Arg-34JrOLr-Z(lo4) 


iNJJ 




j.l Z. U.J 




Active 




0.56 ± 0.3 


255 ± 7 


1.4 ± 0.1 


113 ± 5 


Active 


rGLP-2(2-33) 




876 ± 147 


210 ± 22 


109 ± 8 


Inactive 


rGLP-2(3-33) 




251 ± 8 


10.7 ± 0.8 


115 ± 5 


Inactive 


rGLP-2(l-29) 


0.30 ± 0.00 


584 ± 19 


3.60 ± 0.4 


102 ± 8 


Partially active 


[Thr-7 insertion] 




977 ± 470 


1,100 ± 30 


76 ± 4.0 


Inactive 


[Gly-2]GLP-2(l-33) 




126 ± 5 


2.0 ± 0.2 


103 ± 6 


Active 


hGLP-2(l-33)* 


1.7 ±0.4 


596 ± 9 


1.3 ± 0.20 


99 ±10.6 


Active 


Glucagon 




500 ± 332 


NA 


NA 


Inactive 


GLP-l(7-36)amide 




928 ± 1 


NA 


NA 


Inactive 


G1P 




765 (n = 1) 


NA 


NA 


Inactive 



NA, not active — no detectable binding; ND, not determined. 
*n — 2, except where indicated. 
t« = 3. 

^Relative to 100 nM rGLP-2(l-33), n = 3. 

§ Relative to vehicle-treated control animals, n = 4 or greater. In vivo activity is based on changes in small bowel wet weight after 14-day treatment 
as described in Methods and Materials. 

fl rGLP-2(l-33) is native rat GLP-2 peptide; hGLP-2(l-33) is native human GLP-2 peptide. 



experiments with cloned GLP-2R cDNA, suggests that this 
receptor mediates the intestinotrophic actions of GLP-2. 

Pharmacological support for this hypothesis was obtained from 
parallel in vivo/in vitro studies of GLP-2 analogs containing 
simple changes in sequence and length (Table 2). Carboxyl- 
terminal extension analogs bound and activated GLP-2R and 
retained in vivo activity whereas those with ammo-terminal 
extensions lost both activities. Analogs with blocked amino- or 
carboxyl-terminal residues displayed diminished in vivo activity 
and GLP-2R activation. Insertion of a Thr residue between 
GLP-2 residues 6 and 7 resulted in loss of activity in vivo and in 
vitro. Truncation of the carboxyl-terminus to a 29-residue peptide 
(analogous to glucagon) reduced but did not eliminate in vivo or 
in vitro activities. Interestingly, truncation of one or two amino- 
terminal residues abolished in vivo activity but did not completely 
eliminate binding or the GLP-2R cAMP response. Taken to- 
gether, a clear correspondence was revealed between the struc- 
tural requirements for GLP-2R binding and activation and the in 
vivo intestinotrophic activity of GLP-2, providing additional 
evidence that the GLP-2R isolated here and the intestinotrophic 
GLP-2 receptor mediating GLP-2 action in vivo are synonymous. 

Enteroglucagon synthesis long has been associated with a 
humoral adaptive response to massive small bowel resection, in 
which hyperplasia and elongation of jejunal villi are seen (19-22). 
Proglucagon-derived GLP-2 is detectable in plasma from fasted 
rats and humans and rises 1.5- to 3.6-fold after feeding (23). 
Moreover, the intestinotrophic efficacy of GLP-2 has been shown 
after administration by i.p., i.m., or s.c, routes (14), as well as by 
coinfusion in parenterally fed rats (12). Thus, it is likely that 
circulating GLP-2 mediates adaptive changes in the villus- 
absorptive area in the small intestine. The cloning and charac- 
terization of a GLP-2 receptor expressed in the gastrointestinal 
tract qualifies GLP-2, like GLP-1, glucagon, and GIP, as a bona 
fide endocrine hormone and should facilitate the discovery of 
novel pharmacologic agents with similar functional activity. The 
expression of GLP-2R in hypothalamus also raises the possibility 
of as yet undescribed role(s) for this intestinotrophic hormone in 
the central nervous system. 

We thank P. Khanna, Y.-D. Huang, R. Mathieson, Y.-P. Zhang, and 
E. Fan for technical assistance; and J. W. Dietrich, R. Zastawny, and 
D. Lee for advice and critical reading of this manuscript. D.J.D. is a 
consultant to Allelix Biopharmaceuticals Inc. 
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Sphingosine-1-Phosphate as a Ligand for the 
G Protein-Coupled Receptor EDG-1 

Menq-Jer Lee,* James R. Van Brooklyn,* Shobha Thangada, 
Catherine H. Liu, Arthur R. Hand, Ramil Menzeleev, 
Sarah Spiegel,* Timothy Hla*t 

The sphingolipid metabolite sphingosine-1 -phosphate (SPP) has been implicated as a 
second messenger in cell proliferation and survival. However, many of its biological 
effects are due to binding to unidentified receptors on the cell surface. SPP activated the 
heterotrimeric guanine nucleotide binding protein (G protein)-coup!ed orphan receptor 
EDG-1, originally cloned as Endothelial Differentiation Gene-1. EDG-1 bound SPP with 
high affinity (dissociation constant = 8.1 nM) and high specificity. Overexpression of 
EDG-1 induced exaggerated cell-cell aggregation, enhanced expression of cadherins, 
and formation of well-developed adherens junctions in a manner dependent on SPP and 
the small guanine nucleotide binding protein Rho. 



Morphogenetic differentiation of cells, a 
fundamental event in embryonic develop- 
ment, is dysregulated in pathological con- 
ditions such as tumorigenesis and angiogen- 
esis. Such differentiation is affected by cell- 
cell as well as cell-matrix adhesion mole- 
cules, which are in turn controlled by 
extracellular factors ( I ). These processes are 
regulated by factors that act through G 
protein-coupled receptors (GPRs) and re- 
ceptor tyrosine kinases (2), as well as by 
bioactive lipids such as lysophosphatidic 
acid (LPA), SPP, and sphingosylphospho- 
rylcholine (3). Signaling pathways regulat- 
ed by the small guanine nucleotide binding 
protein Rho participate in the formation of 
cadherin-dependent cell-cell contacts (4). 

The EDG-l transcript was cloned as an 
immediate-early gene induced during differ- 
entiation of human endothelial cells into 
capillary-like tubules, an in vitro model of 
angiogenesis (5). The EDG-1 polypeptide is 
a prototypical member of an orphan recep- 
tor subfamily composed of EDG-2/vzg-l, 
ARG16/H218, and EDG-3 (6, 7). Howev- 
er, the ligands, physiologically relevant sig- 
naling pathways, and function of EDG-1 
have not yet been described. We trans- 
fected human embryonic kidney 293 fibro- 
blasts (HEK293), which do not express the 
EDG-1 receptor (8), with FLAG epitope- 
tagged human EDG-l cDNA in the 
pCDNANeo expression vector. Several 
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clones expressing EDG-1 (HEK293 EDG-i) 
or transfected with vector alone (HEK- 
293f>CDNA) were isolated (9). All EDG- 
1 -expressing clones grown in the presence 
of fetal bovine serum (FBS) formed a net- 



work of cell-cell aggregates (Fig. 1). This 
morphology resembles the network forma- 
tion of differentiated endothelial cells. In 
contrast, vector-transfected cells were even- 
ly distributed and maintained a normal, 
fibroblast- like morphology. Morphogenesis 
of HEK293 EDG-l cells was suppressed by 
incubation with an antibody that binds to 
the NH 2 -terminal FLAG epitope on the 
EDG-1 receptor (anti-M2) (Fig. 1). We 
characterized the factor in serum that syn- 
ergizes with EDG-1 to induce morphologi- 
cal changes. Heat treatment (95 °C, 1 hour) 
of FBS did not inhibit its effect on morpho- 
genesis of EDG-1 -transfected cells. Howev- 
er, removal of lipids from FBS by charcoal 
stripping or by butan-l-ol extraction (JO) 
completely removed the factor that caused 
morphogenesis. Furthermore, the lipids ex- 
tracted from the charcoal (10) induced 
morphogenetic differentiation in HEK293- 
EDG-l cells (Fig. 1). Thus, the EDG-1 
ligand is present in the lipid fraction of 
serum. 

Of serum-borne lipids, only SPP induced 
EDG-l-dependent morphogenesis, where- 
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Fig. 1. Presence of a li- 
gand for EDG-1 in the 
lipid fraction of serum. 
(Left) HEK293pCDAW 
IpCDNA) and (Middle) 
HEK293EDG-7 {EDG-1) 
cells (7.5 x 10 5 cells/ml) 
were cultured in six- 
well plates in Dulbecco's 
minimum essential me- 
dium and 10 mM Hepes 
(pH 7.4) with the indicat- 
ed supplements, and 
cellular morphology was 
examined after 1 2 to 1 5 
hours. FBS, 10%; FBS 
(HD), FBS incubated at 
95°C for 1 hour (10%); 
CFBS, 10%; eluate, se- 
rum-derived charcoal- 
bound lipid eluate (about 
1 20 nmol phospholipid); 
anti-M2, antibody to 
FLAG (50 ^g/ml; East- 
man Kodak); IgG, irrele- 
vant mouse immuno- 
globulin G (50 jig/ml); 
C3, C3 exotoxin [cells 
were pretreated with 
exotoxin (10 p.g/ml) for 2 
days; Calbiochem]. Scale 
bar, 94 jim. (Right) 
EDG-1-dependent mor- 
phogenetic differentia- 
tion induced by SPP 
{EDG-1 /SPP). HEK293- 
EDG-1 cells were cul- 
tured as described above in medium containing 10% CFBS, and the indicated concentrations of SPP (1 , 
5, 10, or 20 fiM) were added. HEK293HX5-7 cells were treated with anti-M2 or C3 exotoxin in the 
presence of 20 jxM SPP. pCDNA/SPP indicates the effect of 20 jlM SPP on HEK293pCDAM cells. Scale 
bar, 56 jim. 
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as sphingosine, sphingomyelin, ceramide, 
ceramide-1 -phosphate, lysophosphatidyl 
serine, lysophosphatidyl ethanolamine, ly- 
sophosphatidyl inositol, lysophosphatidyl 
choline, leukotriene B4 and C4, platelet- 
activating factor, anandamide, 1 2-hydroxy- 
eicosatetraenoic acid (HETE), 15-HETE, 
and 13-hydroxydodecanoic acid, at concen- 
trations as high as 50 jaM, were ineffective. 
LPA, a bioactive lipid structurally related to 
SPP, induced morphogenetic differentia- 
tion weakly at 20 to 50 jxM (11). SPP 
induced morphogenesis at low doses (1 to 
20 jxM) (Fig. 1). EDG-1 is known to acti- 
vate the mitogen-activated protein (MAP) 
kinase known as extracellular signal-regu- 
lated kinase 2 (ERK-2) through pertussis 
toxin (PTx)-sensitive G { protein (12). 
However, PD98059 and PTx, which inhibit 
the ERK-2 signaling pathway and trimeric 
G t proteins (13), respectively, did not in- 
hibit EDG-1 -mediated morphogenesis (8). 
However, C3 exotoxin, an inhibitor of Rho 

(14) , completely prevented this morpho- 
genesis, suggesting a requirement for Rho 
(Fig. 1). 

HEK293 EDG-l cells aggregated strongly 
in suspension, whereas HEK293pCDNA 
cells did not (Fig. 2A). This aggregation 
was Ca 2+ -dependent and was completely 
prevented by EGTA. Incubation with the 
integrin antagonist RGD peptide did not 
affect cell-cell aggregation, indicating the 
lack of involvement of integrins. Cytocha- 
lasin B, an inhibitor of microfilaments and 
nonspecific aggregation of cells, also did not 
affect cell-cell aggregation. Because the 
cadherins mediate calcium-dependent ho- 
motypic adhesion mechanisms (J 5), we 
analyzed the amounts of cadherin fam- 
ily polypeptides in HEK293 EDG-l and 
HEK293pCDNA cells. Expression of both 
P- and E-cadherins was increased in 
HEK293EDG-/ cells (Fig. 2B). However, 
expression of cytoplasmic cadherin-associ- 
ated proteins, such as a-, (3-, and 7-catenin 

(15) , was not altered. Moreover, the expres- 
sion of focal adhesion kinase and paxillin, 
which are involved in the formation of 
focal adhesion complexes (2), was also un- 
altered. The expression of vascular endo- 
thelial cadherin (VE-cadherin or cadherin- 
5) was not observed in either vector- or 
EDG-l-transfected HEK293 cells (8). 
HEK293 EDG-1 cells had abundant well- 
developed adherens junction-like struc- 
tures (Fig. 2C). Moreover, consistent with 
the morphogenetic differentiation, expres- 
sion of P-cadherin in HEK293 EDG-l cells 
was enhanced by FBS and SPP and was 
blocked in both cases by C3 exotoxin. 
However, inhibition of the G { pathway with 
PTx did not inhibit the EDG-l-induced 
P-cadherin expression (Fig. 2D). Together, 
these data suggest that SPP signals through 



EDG-1 to regulate the biogenesis or the 
maintenance of the adherens junctional 
complexes and morphogenetic differentia- 
tion. Rho was required for both EDG-1- 
induced cadherin expression and formation 
of adherens junctions, consistent with the 
observation that the small guanosine 
triphosphatases (GTPases) Rho and Rac are 
required for the establishment of cadherin- 
dependent cell-cell contacts (4). 

To provide further evidence that SPP is 



a ligand for EDG-1, we developed a radio- 
ligand binding assay. Specific 32 P-iabeled 
SPP binding was time-dependent and was 
observed only in HEK293 EDG-1 cells, 
whereas binding was negligible to vector- 
transfected cells (Fig. 3A). SPP binding to 
HEK293 EDG-l was saturable, and Scat- 
chard analysis indicated a dissociation con- 
stant (K d ) of 8.1 nM and a maximum bind- 
ing capacity of 661 fmol per 10 s cells (Fig. 
3B). Specific binding of [ 32 P]SPP experi- 
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Fig. 2. Mechanisms underlying EDG-1-depen- 
dent morphogenesis. (A) Induction of calcium-de- 
pendent cell-cell aggregation of HEK293pCDA/A 
and HEK293EDG-7 cells was analyzed by the aggregation assay as described (25). Cytochalasin B (2 
ixM), EGTA (5 mM), or RGD peptide (1 mg/ml) was added to the medium before the initiation of the 
assay. Data represent mean ± SD of triplicate determinations from a typical experiment that was 
repeated two times. (B) Expression of P- and E-cadherin polypeptides. Cell extracts from two 
HEK293pCDAW and three HEK293EDG-7 independently isolated clones were immunoblotted with 
various antibodies (Transduction Laboratories, Lexington, Kentucky) or with anti-M2; cad, cadherin; 
cat, catenin; FAK, focal adhesion kinase. (C) Formation of adherens junctions. Transmission electron 
micrographs of thin sections of HEK293EDG-7 (a and c) and HEK293pCDNA (b and d) cells cultured in 
the presence of FBS. (a and b) Note the aggregated, clustered nature of HEK293EDG- 7 cells. Scale bar, 
5 jim. (c and d) Detail of a representative cell-cell junction from both cell types. Scale bar, 0.5 p-m. (D) 
Ligand- and Rho-dependent expression of P-cadherin. HEK293EDG- 7 cells were cultured in FBS 
(1 0%), CFBS {1 0%), or FBS (1 0%) containing C3 exotoxin (1 0 jig/ml) or PTx (1 00 ng/ml) for 3 days (top) 
or were treated with the indicated concentrations (Cone.) of lipids with or without the C3 exotoxin for 3 
days in medium containing CFBS (1 0%) (bottom). Cell extracts were analyzed for P-cadherin expression 
by immunoblot analysis. Data are from a representative experiment that was repeated at least two times. 
SM, sphingomyelin; +VE, positive control P-cadherin protein from A431 cell extracts. The numbers to 
the left are molecular weight markers. 
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SPP(nM) 

Fig. 3. Binding of SPP to EDG-1 (26). (A) Time dependence of specific p 2 P]SPP binding. Cells were 
incubated with 1 nM p 2 P)SPP for the indicated times, and specific binding was determined (26). (B) 
Binding isotherm of p 2 P]SPP to HEK293EDG- 7 cells. Cells were incubated with the indicated concen- 
trations of p 2 P]SPP, and specific binding was measured. The inset shows the Scatchard plot of 
P 2 P]SPP binding to HEK293EDG-7 cells. (C) Competition of SPP binding by related lipids. 
HEK293EDG-7 cells were incubated in the presence of 1 nM p 2 P]SPP without or with 100 nM of the 
indicated lipids, and total binding was measured. Data are means ± SD from a typical experiment, which 
was repeated at least two times. Sph, sphingosine; LPS, lysophosphatidyl serine; LPC, lysophosphati- 
dyl choline; LPE, lysophosphatidyl ethanol; LPI, lysophosphatidyl inositol; PA, phosphatide acid; PAF, 
platelet-activating factor; Ana, anandamide; Me-Ana, methyl anandamide. 
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Fig. 4. SPP-induced EDG-1 signaling. (A) Activa- 
tion of ERK-2 by EDG-1 . (Top) Cos-1 cells were 
transfected with the indicated concentrations of 
EDG- 1 plasmid and 0.1 of hemagglutinin (HA)- 
ERK-2 plasmid as described (72). The amount of 
transfected DNA was normalized with vector 
DNA. After 30 hours, cells were made quiescent in 
0.5% FBS for 1 6 hours and treated without or with 
5 |xM SPP for 2 min. Proteins from cell lysates 
were immunoprecipitated with monoclonal anti- 
body to HA, and ERK-2 kinase activity against the myelin basic protein (MBP) substrate was assayed 
(72). Equal expression of transfected HA-ERK-2 was confirmed by immunoblot analysis with monoclo- 
nal antibody to HA. Expression of the FLAG-tagged EDG-1 was confirmed by immunoblot analysis with 
anti-M2. (Bottom) Cos-1 cells were cotransfected with HA-ERK-2 and 0.25 n-g of either EDG-1 
expression vector or vector alone, deprived of serum for 1 6 hours in the presence or absence of PTx 
(200 ng/ml), and then stimulated with the indicated concentrations of SPP for 2 min, and ERK-2 activity 
was measured. Data are expressed as fold activation derived from densitometric scans of autoradio- 
graphs. (B) Internalization of EDG-1 induced by SPP. HEK293 cells stably transfected with the EDG- 1- 
GFP construct (27) were incubated for 24 hours in CFBS and treated with 100 nM SPP, and the 
subcellular localization of EDG-1 was visualized with a Zeiss TV100 fluorescence microscope with a 
63x oil immersion lens. SPP-37, cells were treated with SPP for 2 hours at 37°C; SPP-4, cells were 
treated with SPP for 2 hours at 4°C; NT, no treatment. 



enced competition only from unlabeled 
SPP and not from other lipids that did not 
induce morphogenetic differentiation (Fig, 
3C). Thus, binding of SPP to EDG-1 is of 
high affinity and high specificity, consistent 
with the possibility that SPP is a physiolog- 
ical ligand for EDG-1. SPP is present in 
serum (16), where it occurs at concentra- 
tions greater than the measured K d for 
EDG-1. LPA, another serum-borne lysb- 
lipid, signals through the related EDG- 
2/vzg-l receptor to regulate cell rounding 
and serum response factor- dependent tran- 
scription (7, 17). 

If SPP is a physiological ligand for 
EDG-1, it should activate EDG-1 -regulat- 
ed signaling pathways. Transfection of 
cells with EDG -l causes G^dependent ac- 
tivation of ERK-2 (12), and SPP activates 
ERK-1 and ERK-2 in various cells (18). 
Stimulation of ERK-2 activity by nanomo- 
lar concentrations of SPP was potentiated 
by expression of EDG-1, and this effect 
was blocked in cells treated with PTx (Fig. 
4A). Thus, activation of EDG-1 by SPP 
transduces two distinct intracellular sig- 
naling pathways. First, the G i protein- 
coupled ERK-2 pathway is activated. Pre- 
vious studies have indicated that the 07 
subunit of the heterotrimeric G protein 
activates the small GTPase Ras, which in 
turn stimulates the ERK pathway (19). 
Second, Rho-coupled pathways that regu- 
late morphogenesis are activated. Activa- 
tion of the Rho pathway by GPRs is me- 
diated by the G 12 /G 13 family of heterotri- 
meric G proteins (20); however, the inter- 
mediate signaling steps are poorly 
understood. Indeed, similar activation of 
both pathways has been shown for LPA, a 
related bioactive lipid (3, 4). 

Ligand binding to GPRs induces inter- 
nalization of receptors (21). To examine 
the cellular localization of EDG-1, we ex- 
pressed the EDG-1 receptor fused with a 
COOH-terminal green fluorescent protein 
(GFP). The EDG-1-GFP polypeptide was 
localized primarily on the plasma mem- 
brane (Fig. 4B). Treatment of cells with 
100 nM SPP for 2 hours at 37°C caused 
translocation of EDG-1 into intracellular 
vesicles. Neither incubation with SPP at 
4°C nor incubation with other lipids that 
do not compete for high-affinity SPP 
binding to EDG-1 induced receptor traf- 
ficking into intracellular vesicles. More- 
over, localization of the GFP control 
polypeptide in the cytosol was not altered 
by SPP treatment. 

SPP, stored in platelets and released by 
platelet activation, is now recognized as a 
potent bioactive lipid with multiple bio- 
logical activities (22). Our results reveal a 
role for SPP as an extracellular ligand for 
the endothelial-derived receptor EDG-1 
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that regulates morphogenetic differentia- 
tion. Because serum concentrations of SPP 
are estimated to be 60 times greater than 
the K d for binding to EDG-1 (16), our data 
argue that SPP may be a physiologically 
relevant ligand for EDG-1. 
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Homology-based cloning approaches and genome-sequencing 
efforts have revealed the existence of a large number of human 
genes encoding Orphan' G-protein-coupled receptors 
(GPCRs), receptors that bind unidentified natural ligands. Discov- 
ery of these natural ligands is the first necessary step in understand- 
ing the biological significance of the orphan GPCRs. We' and 
others 2 have developed an approach by which to successfully isolate 
endogenous ligands from complex tissue libraries. This approach, 
referred to as the orphan- receptor strategy 3 , uses orphan receptors 
as baits to isolate their native ligand from tissue extracts and has 
been successfully applied to identify new neuropeptides 4-6 . Here we 
apply this strategy to the orphan receptor GPR14 and show that it 
binds the bioactive peptide known as urotensin II. 

The complementary DNA encoding the orphan receptor 
GPR14, or SENR, was cloned using degenerate oligonucleotides 
directed at conserved regions of known GPCRs 7,8 . Phylogenetic 
analysis positioned the GPR14 sequence closely to somatostatin, 
opioid and galanin receptors 8 , indicating that the endogenous lig- 
and of GPR14 may also be peptidergic. We set out to identify the 
natural ligand of GPR14 from peptide extracts prepared from a 
variety of different mammalian tissues. Extracts were fractionated 
by preparative reverse-phase high-performance liquid chromatog- 
raphy (rpHPLC) into 72 individual fractions, and aliquots were 
tested for induction of changes in intracellular Ca 2+ ([Ca 2+ ]j) in Chi- 
nese hamster ovary (CHO) cells transiendy transfected with GPR14 
cDNA. Intracellular Ca 2+ changes were monitored using a fluores- 
cence imaging plate reader (FLIPR) system 9 . A reproducible and 
robust change in Ca 2+ concentration was observed in two adjacent 
fractions (Fig. la). This change could not be detected either in non- 
transfected cell lines or in cells transfected with other orphan recep- 
tors. Highest levels of activity were detected in bovine hypothalamic 
tissue, which was consequently used for large-scale purification. 
The active component was purified over a seven-step purification 
strategy combining reverse- phase and cationic- exchange HPLCs. 
One single activity peak was detected, indicating that the activity 
can be attributed to a unique molecular entity. The bioactive com- 
pound was extremely scarce, preventing us from carrying out a total 
structural analysis. However, the Ca 2 * response to the active mate- 
rial showed a distinctive time course (Fig. la, inset). Furthermore, 
the active material was sensitive to trypsin (Fig. la, inset) and 
alkylating agents, leading us to conclude that the biological activity 
could be attributed to a peptide containing basic amino acid(s) and 
alkylation-sensitive amino acids. 

As GPR14 is similar to the somatostatin receptors we decided to 
screen somatostatin-like, cysteine-bridge-containing peptides on 
GPR14 and to compare their biological activities and physicochem- 
ical properties with that of the endogenous compound identified in 
our purification scheme. Peptides tested were human melanin-con- 



centrating hormone (MCH), somatostatin- 14 (SST-14) and 
cortistatin-14 and urotensin II. Whereas MCH was inactive, SST-14 
and the related peptide cortistatin activated GPR14, albeit only at 
very high concentrations (Table 1). In contrast, urotensin II 
induced a robust increase in [Ca 2+ ]j, with a median effective con- 
centration (EC 50 ) of 0.14nM (Table 1), showing a potency more 
than 25,000-fold greater than that of SST- 14, 

Urotensin II was originally isolated from goby 10 , and an 
expressed sequence tag has been described 11 that codes for a human 
counterpart. We therefore synthesized the mammalian peptide 
(Table 1) and tested it on GPR14-expressing CHO cells. The time 
course of the Ca 2+ response caused by the synthetic peptide was 
identical to that observed with the active fractions isolated from 
bovine tissue extracts (Fig. la, inset), indicating that the synthetic as 
well as natural compounds act on the same receptor. The fact that 
urotensin II activates GPR14 with very high affinity, together with 
the paucity of urotensin II in the tissue extracts, explains our inabil- 
ity to isolate it in sufficient quantities to allow for structural deter- 
mination. An active compound from brain extracts of squirrel 
monkeys eluted on rpHPLC with the same retention time as syn- 
thetic human urotensin II peptide (arrow in Fig. la), further sug- 
gesting that the monitored activity is indeed caused by urotensin II. 
The activity found in bovine tissue eluted slightly later than human 
urotensin II, indicating that there may be some structural differ- 
ences among the mammalian urotensin II peptides. 

To develop a urotensin II analogue that would be suitable for 
binding studies, we synthesized the human urotensin II orthologue 



Table 1 Pharmacological profiles of GPR14 and SSTR2A 



Peptides 


Sequence 


Ca 2 * assay 






GPR14 (EC50 
± s.e.m.; nM) 


SSTR2A (ECgo 
± s.e.m.; nM) 


hUll 


ETPDCFWKYCV 


0.10 ±0.07 


>2,000 


[l-Tyrg] hUll 




0.35 ±0.05 


ND 


D 2 -Tyr 9 ] hUll 




2.63 ±0.30 


ND 


Urotensin II (goby) AGTADCFWKYCV 


0.14 ±0.02 


ND 


[D-Trp 7 ]UIK5-10) 


Ac-CFWKYC-a 


19.20 ± 5.76 


ND 


RC-160 


FCYWKVCW-a 


338.0 ± 53.6 


1.45 ±0.44 


Octreotide 


ECWTCT-ol 


4,270 ±460 


1.38 ±0.39 


Somatostatjn-14 


AGCKNFFWKTFTSC 


3,670 ±460 


0.80 ±0.19 


Cortistatin-14 


PCKNFFWKTFSSCK 


>10,000 


ND 



ND, not determined. Cysteine residues form intramolecular disulphide bonds, 'a* indicates an C- 
terminal amide. Ac, acetyl; -ol, reduction of the carboxyl group to an alcohol. Underlined letters 
indicate D-ammo-acid residues. Values represent the means ± s.e.m. of three independent 
experiments done in triplicate. 
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(hUII) and iodinated it (Table 1). Monoiodo-hUII induced a con- 
centration-dependent transient increase in Ca 2+ concentration in 
stably transfected CHO cells with an EC 50 similar to that of the 
unmodified peptide (Table 1), whereas the diiodo form of hUII 
showed a 25-fold decrease in potency compared with urotensin II. 
We therefore used the monoiodinated form of hUII as a radioligand 
for the determination of physical constants. 125 I-labelled hUII 
exhibited saturable and displaceable binding to membranes of cells 
transfected with GPR14, with an apparent dissociation constant 
(K d ) of 70 pM and a maximal binding capacity (B max ) of 350fmol 
per milligram of membrane protein (Fig. lb). 

To define the pharmacological profile of GPR14, we tested pep- 



tides structurally related to urotensin II for their ability to activate 
GPR14-expressing cells. Goby urotensin II, which is identical to 
hUII at the carboxy terminus but differs in its amino terminus, was 
equipotent to hUII (Table 1), pointing to the cyclic ring structure as 
an important binding motif. On the basis of molecular modelling 
data, a putative urotensin II antagonist, [D-Trp 7 lUII-(5-10), has 
been proposed 12 (Table 1). In our assay system, [D-Trp 7 ]UII-(5-10) 
behaved as an agonist with a 190-fold lower potency compared with 
the natural urotensin II, but no antagonistic activity at concentra- 
tions up to lp,M could be detected. Because of the structural simi- 
larities between the somatostatin and urotensin systems, we tested 
the somatostatin analogues RC-160 and octreotide (Table 1) for 




Figure 1 Identification of urotensin II as the endogenous ligand of GPR14. 
a, rpHPLC profile of a bovine hypothalamic tissue extract and corresponding activity 
of 72 1-min fractions tested for Ca 2 * mobilization in GPR14-expressing CHO cells. 
The tissue was treated as described in Methods, and 2.5% of each fraction was 
tested for the ability to mobilize Ca 2 * in CHO cells transiently transfected with a 
GPR14 plasmid 7 and loaded with the calcium-sensitive dye fluo-3. Changes in 
fluorescence were monitored over 240 s using a FLIPR 9 . The maximal fluorescence 
increment generated by each fraction on GPR14-transfected cells was normalized to 
the maximal control value seen in mock-transfected cells. Fractions 53 and 54 were 
most active. The arrow indicates the elution time of synthetic hUII. The inset shows 
a comparison of Ca 2 * kinetics induced by hUII and fraction 53. hUII (0.1 nM, solid line) 
or 2.5% of fraction 53 (dotteo/dashed line) was applied to GPR14-expressing CHO 
cells, and fluorescence changes were monitored as described above. Treatment of 
fraction 53 with trypsin (dotted line) abolished the activity of this fraction. 
b r Saturation binding of ,25 HabelIed hUII to GPR14. Membranes of CHO cells stably 
expressing GPR14 were incubated with the indicated concentrations of ,25 Mabelled 
hUII. Bound ligand was separated by filtration. Concentrations of free ligand were 
calculated by subtracting the amount of specifically bound ligand from the total 
amount of radioligand added. The data represent the average of two independent 
experiments done in triplicate. The insert shows a Scatchard transformation of the 
specific binding data, c, Expression profile of GPR14 in rat cardiovascular tissue as 
assessed by qualitative reverse transcription with PCR analysis. PCR was done as 



described in Methods and the reaction products separated on a 1% agarose gel. M, 
molecular-mass marker; 1, negative control; 2, thoracic aorta; 3, abdominal aorta; 
4, heart; 5, positive-control plasmid, bp, base pairs, d, Contraction of thoracic aorta 
strips induced by increasing concentrations of hUII. Contraction induced by hUII is 
expressed as the percentage of the maximum change in tension induced by 
norepinephrine (NE). Bars indicate the s.e.m. of four independent experiments, e, 
Tissue distribution of human preprourotensin II (pphUII). Human masterblot(Clontech) 
was probed with a full length pphUII cDNA (IMAGE number 926809) as 
recommended by the manufacturer. The tissues are: Al, whole brain; A2, amygdala; 
A3, caudate nucleus; A4, cerebellum; A5, cerebral cortex; A6, frontal lobe; A7, 
hippocampus; A8, medulla oblongata; 61, occipital lobe; B2, putamen; B3, 
substantia nigra; B4, temporal lobe; B5, temporal lobe; B6, subthalamic nucleus; B7, 
spinal cord; CI, heart; C2, aorta; C3, skeletal muscle; C4, colon; C5, bladder; C6, 
uterus; C7, prostate; C8, stomach; Dl, testis; D2, ovary; D3, pancreas, 04, 
pituitary; D5, adrenal; D6, thyroid; D7, salivary; D8, mammary gland; El, kidney; E2, 
liver; E3, small intestine; E4, spleen; E5, thymus; E6, peripheral leukocytes; E7, 
lymph nodes; E8, bone marrow; Fl, appendix; F2, lung; F3, trachea; F4, placenta; 
Gl, fetal brain; G2, fetal heart; G3, fetal kidney; G4, fetal liver; G5, fetal spleen; G6, 
fetal thymus; G7, fetal lung; HI, yeast total RNA; H2, yeast transfer RNA; H3, E. coti 
tRNA; H4, E. coli DNA; H5, poly(A)* ribosomal RNA; H6, human C 0 tl DNA; H7, human 
DNA (lOOng); H8, human DNA (500 ng). 
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their ability to activate GPR14. RC-160 activated the receptor with 
an EC 50 of 338 ± 53.6 nM. Octreotide showed even lower potency. 
SST-14 itself proved to be active on GPR14-expressing cells but at 
physiologically non-relevant concentrations (Table 1). Cortistatin- 
14, which differs from SST-14 in a C-terminal lysine residue, exhib- 
ited even lower affinity, indicating the importance of having an 
uncharged C terminus for GPR14 reactivity. On the other hand, 
hUII was unable to activate the somatostatin 2A receptor 
(SSTR2A), whereas RC-160 and octreotide mobilized [Ca 2+ ]j in 
these cells with a high affinity similar to published values' 3 . We thus 
conclude that urotensin II is the only endogenous high-affinity lig- 
and for the somatostatin-like GPR14 to be detected in our peptidic 
brain extracts. Activation of GPR14 stimulated Ca 2+ influx, suggest- 
ing a possible physiological role as an excitatory receptor, in con- 
trast to somatostatin receptors which are coupled to inhibition of 
adenylate cyclase. 

GPR14 has been reported to be expressed in heart, retina, cere- 
bellum and choroid plexus 8 . Furthermore, urotensin II has been 
shown to have physiological actions in the mammalian cardiovas- 
cular system 14 , and specific binding sites for fish urotensin II on rat 
thoracic aortic membranes have been reported 15 . We therefore 
tested whether GPR14 messenger RNA is expressed in the cardio- 
vascular system and found that GPR14 is expressed in rat heart, pul- 
monary artery and thoracic aorta (Fig. 1c). The presence of GPR14 
in thoracic aorta led us to test whether hUII is able to cause contrac- 
tions of vascular smooth muscle. hUII acted as a vasoconstrictor in 
a concentration-dependent manner, with an EC 50 of 2.4 nM (Fig. 
Id). Maximal activity reached 32% of norepinephrine-induced 
contraction. The response was characterized by a delayed onset 
(10-15min) and a long-lasting tone, which could not be washed out 
even after lh of frequent changes of the bath solution. Contraction 
of aortic smooth muscle cells by fish urotensin II has been shown to 
be Ca 2+ dependent and to be blocked by the Ca 2+ -channel-blocker 
nitrendipine 16 . As shown above, GPR14 activation induces a strong 
Ca 2+ influx in CHO cells (Fig. la, inset), showing that GPR14 has 
the pharmacological profile of the receptor responsible for hUII- 
directed contraction of rat thoracic aorta. 

The next question related to the source of cardiovascular uro- 
tensin II. Using a normalized northern dot blot of 50 different 
human tissue samples, we found that human preprourotensin 
(pphUII) mRNA was expressed at high levels only in human kidney 
(Fig. le). Moderate to low expression was found in spinal cord and 
medulla oblongata, respectively, but these are not expected to be a 
source of circulating urotensin II. All other tissues studied 
expressed either none or very low amounts of precursor. Our data 
showing high expression of pphUII mRNA in kidney differ from 
previous results", which showed a moderate expression of pphUII 
mRNA in this organ. The reason for this discrepancy is unknown 
but may indicate that pphUII mRNA is highly regulated among dif- 
ferent individuals. 

We conclude that we have identified GPR14 as a receptor for 
mammalian urotensin II. The expression of GPR14 in rat thoracic 
aorta correlates with the physiological action of hUII in this tissue. 
High expression of pphUII in human kidney indicates that the kid- 
ney may be the peripheral source of urotensin II that modulates 
vascular function. Our findings should aid in understanding the 
role of urotensin II in the mammalian cardiovascular system by 
allowing the development of agonists and antagonists for the uro- 
tensin II receptor. □ 

Methods 

Tissue extraction and partial purification. 

Bovine tissues obtained from the local slaughterhouse were minced and immediately boiled for lOmin 



in de ionized water at a 1:2 tissue:water(g:ml) ratio. After cooling to 10°C acetic acid was added to a final 
concentration of 1 M. The homogenate was further treated with a Polytron for 2 min. After centr ifugation 
for 30min at 12,000$ the supernatant was removed and the pellet re-extracted with one volume of 1 M 
acetic acid. The supernatants were combined, and three volumes acetone were added. The precipitate was 
removed at 15,000$ for 30min. After concentration of the supernatant by rotor evaporation the 
remainder was extracted two times with two volumes of ethylether, then frozen and lyophilized. The 
lyophilized material was resuspended in 5% CH 3 CN and 0. 1% trifluoroacetic acid (TFA) and applied on 
a PrepPak-Delta-PakC 18, 1 Sum, 300 A, 25 x 100 mm (Waters), pre-equilibrated with 5% CH3CN/ 0. 1% 
TFA. The material was eluted with a linear gradient from 5% to 39% CH 3 CN/0.1% TFA. The active 
fractions cluting at 34-38% CH 3 CN were collected. 

Radioligand-binding assay. 

hUH was iodinated according to the method of ref. 17 using iodo-beads (Pierce). Initially, synthetic hUII 
(3nmol) was iodinated with 15nmol Nal in 50 mM phosphate buffer, pH7,4, and incubated for lOmin at 
room temperature. The reaction mixture was immediately loaded on a Waters Nova-Pak CI 8 3.9 x 150mm 
analytical column equilibrated with 16% CH3CN/0. 1% TFA at a flow rate of 1 mlmin -1 . Reaction products 
were eluted with a linear gradient to 60% CH 3 CN/0.1% TFA over 35 min. Peaks were monitored at 2 1 5nm, 
manually collected and tested for identity by matrix-assisted laser desorption mass spectrometry. [ m I- 
Tyr 9 |hUII was synthesized as described above using 05 nmol hUII and 500uCi Na ,M I (Amersham). 
Ligand-binding assays were done in 96-well glass fibre type-B filtration plates (Millipore) precoated with 
05% BSA at room temperature for 1 h. CHO cells stably expressing GPR14 were collected and resuspended 
in binding buffer (20 mM Tris-HCl, pH7.4, 2mM MgCJ 2 , 0.25% BSA and 0.25 mgm^ bacitracin). 
Membranes were prepared using a Polytron tissue homogenizer. Total membrane particulate was obtained 
after centrifugation at 20,000g for 60 min at 4°C The resulting pellet was passed through a 27-gauge needle 
five times and membranes were stored at -80 °C until use. Protein concentration was determined using a 
BCA protein assay kit (Pierce). Membranes (5 ug total protein) were incubated with monoiodinated 
Tyr 9 ]hUII for 60 min in a total volume of 200 jil binding buffer. Filters were washed with cold PBS three 
times and radioactivity was counted using a MicroBeta liquid scintillation counter (EG&G Wallac 
Gaithersburg, MD). Nonspecific binding was determined in the presence of 1 uM unlabelled hUII. Data 
were analysed using PRISM software (GraphPad, San Diego, CA). 

GPR14-expression analysis. 

Reverse-transcription reactions were done with Superscript II reverse transcriptase (Life Technologies) 
using 5ug total tissue RNA. 10% of the final reaction products were used in polymerase chain reactions 
(PCRs) containing 0.2 uM each of primers 5'-CTGAGCCTGGAGTCTACAACAAGC and 
5'-TAGGTGGCTATGATGAAGGGAATG, respectively. Reactions were carried out using Goldtaq 
polymerase (Perkin Elmer) and buffer conditions as recommended by the manufacturer. PCR 
conditions: 94 °C for 10 min followed by 34 cycles of 94 °C for 30s, 58 °C for 30s and 72*C for 60s. For 
negative controls, template cDNA was replaced by water. 

Thoracic aorta contraction assay. 

4-month -old male Fischer 344 rats were killed by decapitation and their thoracic aorta removed Arteries 
were cut into 3-mm segments and mounted on platinum wires in a oxygenated tissue bath containing 40 
ml Krebs solution (in mM: 118 NaCI, 5.2 KCI, 1.6 CaCl 2 , 1.2 KH 2 P0 4 , 25.5 NaHC0 3 , 1.2 MgS0 4 , 0.027 
disodium EDTA, and 1 1 5 glucose) kept at 37°C and oxygenated with 95% 0 2 /5% C0 2 . Tissue segments 
were slowly stretched to 1 g resting tension, then allowed to equilibrate for 1 h, with fresh Krebs solution 
added every 20 min. Contractile responses to cumulative addition of hUII (10~ W -10"*M) were recorded 
using Fort 10 force transducers and a MacLab analog-to-digital converter. Maximal contraction of each 
arterial segment was then determined by addition of 10~*M norepinephrine, and endothelial integrity 
confirmed by measuring relaxation to acetylcholine ( 10** M). 
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The present studies were carried out to evaluate 
the mechanisms by which PTH/PTHrP receptor 
(PTHR) activation influences cell viability. In 293 
cells expressing recombinant PTHRs, PTH treat- 
ment markedly reduced the number of viable cells. 
This effect was associated with a marked apopto- 
tic response including DNA fragmentation and the 
appearance of apoptotic nuclei. Similar effects 
were evidenced in response to serum withdrawal 
or to the addition of tumor necrosis factor (TNFa). 
Addition of caspase inhibitors or overexpression of 
bcl-2 partially abrogated apoptosis induced by se- 
rum withdrawal. Caspase inhibitors also protected 
cells from PTH-induced apoptosis, but overexpres- 
sion of bcl-2 did not. The effects of PTH on cell 
number and apoptosis were neither mimicked by 
activators of the cAMP pathway (forskolin, isopro- 
terenol) nor blocked by an inhibitor (H-89). How- 
ever, elevation of Ca, 2+ by addition of thapsigargin 
induced rapid apoptosis, and suppression of Ca, 2+ 
by overexpression of the calcium- binding protein, 
calbindin D28k, inhibited PTH-induced apoptosis. 
The protein kinase C inhibitor GF 109203X partially 
inhibited PTH-induced apoptosis. Regulator of G 
protein signaling 4 (RGS4) (an inhibitor of the ac- 
tivity of the a-subunit of G q ) suppressed apoptotic 
signaling by the PTHR, whereas the C-terminal 
fragment of GRK2 (an inhibitor of the activity of the 
{fy-subunits of G proteins) was without effect 
Chemical mutagenesis allowed selection of a se- 
ries of 293 cell lines resistant to the apoptotic ac- 
tions of PTH; a subset of these were also resistant 
to TNFa. These results suggest that 1) apoptosis 
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produced by PTHR and TNF receptor signaling in- 
volve converging pathways; and 2) Gq-mediated 
phospholipase C/Ca 2+ signaling, rather than Gs- 
mediated cAMP signaling, is required for the apo- 
ptotic effects of PTHR activation. (Molecular Endo- 
crinology 14: 241-254, 2000) 



INTRODUCTION 

Apoptosis or programmed cell death is a process fun- 
damental to normal growth and development, immune 
response, and tissue remodeling after injury or insult. 
The mammalian signal transduction pathways that 
mediate apoptosis, although under intense scrutiny, 
remain incompletely understood. Recently, it has be- 
come apparent that apoptosis is a crucial process in 
skeletal development and homeostasis and that sig- 
naling by the PTH /PTH-related protein (PTHrP) recep- 
tor (PTHR) can either promote or suppress apoptosis 
depending on the cellular context (1, 2). In addition, 
growth- suppressive effects of PTHR activation have 
been reported in osteoblastic target cells (3-5). The 
PTHR is known to be capable of signaling in response 
to PTH or PTHrP via two G protein-coupled pathways: 
1) Gq-mediated activation of phospholipase C (PLC), 
resulting in increased Ca 2+ and activation of protein 
kinase C (PKC); and 2) Gs-mediated activation of ad- 
enylyl cyclase leading to cAMP production and protein 
kinase A (PKA) activation (6). However, it is unclear 
whether either or both of these signaling pathways are 
linked to changes in PTH-induced cell proliferation or 
apoptosis. 

Embryonic mice lacking expression of functional 
PTHrP or PTHR gene products display severe abnor- 
malities of endochondral bone formation (7, 8). The 
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acceleration of chondrocyte differentiation and disor- 
ganization of the growth plate seen in these mice 
underscores the important role that PTHR signaling 
and apoptosis play in normal skeletal growth and dif- 
ferentiation (1, 9). In addition, the skeletal abnormali- 
ties that are observed in Jansen's metaphyseal chon- 
drodysplasia have been attributed to point mutations 
in the PTHR, which result in constitutively active mu- 
tant PTHRs (1 0, 1 1). The mechanisms by which PTHrP 
and PTHR signaling affect skeletal development are 
not known, although feedback between PTHR signal- 
ing and Indian hedgehog has been proposed to mod- 
ulate chondrocyte differentiation (12). 

Terminal differentiation of chondrocytes is associ- 
ated with apoptosis (13), and PTHrP has been shown 
to increase expression of the antiapoptotic gene bcl-2 
coincident with suppressing terminal chondrocyte dif- 
ferentiation (1). However, preliminary studies indicate 
that PTH administration to young rats promotes the 
apoptosis of osteoblasts and osteocytes in vivo (2). 
This suggests that apoptosis can be initiated by acti- 
vation of the PTHR, and that this is likely to contribute 
to the spectrum of physiological responses to PTH 
and/or PTHrP. In the present study, we report that PTH 
induces apoptosis in human embryonic kidney (HEK) 
293 cells stably expressing the PTHR. These effects 
require the second messenger products of PLC sig- 
naling, but are independent of adenylyl cyclase 
signaling. 



RESULTS 

Initial studies were carried out to determine the effects 
of PTHR signaling on cell viability. The wild-type (Wt) 
opossum PTHR was stably expressed in 293 cells, 
which lack endogenous PTHRs. Exposure of these 
cells to a PTHR agonist, bovine (b) PTH(1-34), resulted 
in a time- and dose-dependent decrease in cell num- 
ber (Fig. 1). As little as 1 nM bovine (b)PTH(1-34) pro- 
duced a significant effect, and 1 jum bPTH(1-34) re- 
duced the number of cells by approximately 80% 
within 48-72 h. Serum withdrawal, known to induce 
apoptosis in 293 cells (14), resulted in decreased cell 
numbers after 72 h. Addition of bPTH(1-34) had no 
effect on the number of control 293 cells (transfected 
with vector alone), and addition of a PTHR antagonist 
[bPTH(7-34), 1 /am], did not alter the number of PTHR- 
expressing 293 cells (not shown). 

To determine whether inhibition of cell number by 
PTH was associated with apoptosis, we obtained a 
quantitative index of the amount of DNA fragmentation 
in response to either PTH treatment or serum with- 
drawal. Cells were fixed at various time points after 
commencement of PTH treatment or serum with- 
drawal, and terminal deoxynucleotidyl transferase- 
mediated dUTP nick end labeling (RJNEL) assays 
were used to label terminal DNA fragments. Positive 
staining was readily detected in apoptotic cells (Fig. 
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Fig. 1. Effect of bPTH(1-34) on the Number of HEK 293 
Cells Expressing the Wt PTHR 

Cells were plated at approximately 50 cells/mm 2 in 1 2-well 
plates, and 24 h later (day 0) bPTH(1-34) was added at the 
concentrations indicated. In some wells, complete medium 
was replaced by serum-free medium on day 0 (No Serum). 
Random fields of cells were counted at 24-h intervals, and the 
bars indicate the sem of triplicate determinations. 



2A). Analysis of TUNEL assay results revealed that 
both serum withdrawal and PTH treatment induced 
apoptosis in more than 20% of cells after 72 h (Fig. 
2B). Similar results were obtained in two additional 
clonal cell lines of 293 cells expressing the PTHR (not 
shown). The percent of cells with apoptotic nuclei after 
serum withdrawal (33%) was similar to that previously 
reported for serum-deprived 293 cells (14). DNA frag- 
mentation was also visualized using agarose gel elec- 
trophoresis of DNA extracts from cells after exposure 
to PTH or after serum withdrawal (Fig. 2C). The clas- 
sical DNA ladder of 128-bp DNA fragments was not 
visible among a more general smear of degraded DNA 
after treatment with bPTH(1-34), the phorbol ester 
PMA, or serum withdrawal. The PTHR antagonist 
[PTH(7-34), 1 /am], did not induce visible DNA degra- 
dation. Very little DNA fragmentation was observed in 
control cells by either TUNEL staining or gel electro- 
phoresis. These results show that apoptosis occurs 
only infrequently in proliferating 293 cells. PTH did not 
elicit an apoptotic response in 293 cells in the absence 
of PTHR expression (not shown). 

Differences in cell morphology after PTH treatment 
and serum withdrawal were observed. The morpho- 
logical response to serum withdrawal was cell shrink- 
age/cell rounding (Fig. 3A), a response frequently as- 
sociated with apoptosis (15). The initial morphological 
response to PTH treatment was cell spreading and 
flattening (Fig. 3A). Fluorescent labeling of the actin 
cytoskeleton with rhodamine-conjugated phalloidin 
demonstrated major cytoskeletal reorganization after 
PTHR activation (not shown). The relationship be- 
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Fig. 2. Effects of bPTH(1-34) on Apoptosis of HEK 293 Cells Expressing the Wt PTHR 

A, Apoptag staining of cells treated with or without bPTH(1-34) (1 /lm) for 72 h. Positive peroxidase staining (brown) results from 
the labeling of DNA terminal fragments. B, Quantitation of TUNEL staining of 293 cells treated with or without bPTH(1-34) (1 im) 
for 1 or 3 days, or after serum withdrawal for 3 days. All cells (including floating cells) were harvested and fixed before staining. 
Several hundred cells were counted for each data point: cells with brown staining were scored as positive, blue cells were scored 
as negative. Control cells at days 1 and 3 revealed less than 1 % positive (apoptotic) staining. C, Agarose gel electrophoresis of 
DNA isolated from cells treated for 3 days in the following ways: maintained in the continuous presence of serum-containing 
medium (Ctrl); subject to serum withdrawal (NS); or exposed to PMA (400 nM), 1 ju,M bPTH(7-34) (a PTHR antagonist), or 1 /am 
bPTH(1-34). 



tween these morphological changes and the apoptotic 
response to PTH is unclear. 

DNA fragmentation is one of the final cellular events 
after exposure of cells to apoptotic stimuli (16). An 
earlier indicator of the activation of apoptosis path- 
ways is the translocation of phosphatidylserine from 
the cytosolic to the extracellular face of the plasma 
membrane (17). This translocation can be monitored 
due to the high affinity of annexin V for phosphatidyl- 
serine. PTH treatment or serum withdrawal induced 
phoshatidylserine translocation to the extracellular 
plasma membrane surface within 5 h. The percent 



annexin V-stained cells increased from 3.6 ± 1.8% to 
19.6 ± 4.1% after 5 h of exposure to bPTH(1-34) (1 
puvi) and to 44.7 ± 4.5% 5 h after serum withdrawal. 

Characteristic nuclear changes are known to occur 
in response to apoptotic stimuli, including nuclear 
condensation and fragmentation (15). Hoechst 33342 
nuclear dye staining revealed increased nuclear con- 
densation and fragmentation of the nucleus in re- 
sponse to bPTH(1-34) or serum withdrawal, whereas 
heat treatment (48 C, 2 h) resulted in swollen, dis- 
tended nuclei, characteristic of necrosis (not shown). 
These nuclear changes were readily apparent in elec- 
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Fig. 3. Morphological Effects of PTH and Serum Withdrawal on HEK 293 Cells Expressing the Wt PTHR 

A, Light microscope brightfield images 1 h after addition of normal growth media (control), 1 ptM PTH(1-34), or 1 h after removal 
of serum. For all fields, the white scale bar - 25 /im. Cell flattening after PTH treatment and cell rounding and shrinkage after 
serum withdrawal were characteristically seen. B, Electron micrographs of cells grown as described in panel A. The nucleolus is 
visible in the center of the spherical control cell nucleus. White stars mark fragments of the nucleus in the PTH-treated cell. 
Fragmented nuclei were not seen in images of control cells. Mitochondrial morphology also appears to be disrupted by PTH 
treatment. White stars mark the condensations of chromatin visible in nuclei from ceils subject to serum withdrawal. Ruffling of 
the nuclear membrane was also apparent in these cells, and whole-cell shrinkage was apparent. White scale bars = 2.5 ^m. 



tron micrographs of 293 cells after PTH treatment (Fig. 
3C). Such fragmentation of the nucleus was not seen 
in any of more than 400 control cells that were exam- 
ined. Cell fragmentation was also evident in electron 
micrographs after PTH treatment or serum deprivation 
(not shown). Such fragments most likely are a result of 
the final stages of apoptosis, which include loss of 
plasma membrane integrity and cytolysis. Cells under- 
going these final stages of apoptosis could be visual- 
ized using a combination of a vital stain (Syto 13), 
together with propidium iodide (18). These dyes re- 
vealed a progressive loss of membrane integrity in 
response to both PTH and serum withdrawal, with a 
time course similar to that seen for DNA fragmentation 
(not shown). 

The downstream effectors of mammalian apoptosis 
pathways are thought to be the caspase family of 
proteases (19). Preincubation of 293 cells for 3 h with 
cell-permeable inhibitors of caspases, YVAD (inhibitor 
of caspase 1), and DEVD (inhibitor of caspases 3, 8), 
significantly reduced the effects of PTH treatment on 
cell number (Fig. 4A) and apoptosis as determined by 
TUN EL (Fig. 4B). The amount of inhibitor used in each 
case was 0.2 ^lm, a dose known to be maximally 
effective in other systems (20, 21). The combination of 
both caspase inhibitors was more effective than either 
inhibitor alone, indicating that multiple caspases may 



participate in the apoptotic response. While the 
caspase inhibitors did not modify the suppressive ef- 
fect of serum withdrawal on cell number, they did 
ameliorate the apoptotic response to serum with- 
drawal, indicating that serum contains essential 
growth factors that act independently of the apoptotic 
signaling pathway. 

The oncogene product bcl-2 is known to inhibit 
apoptotic signaling in response to a wide range of 
stimuli. In 293 cells, bcl-2 is reported to partially inhibit 
apoptosis in response to serum deprivation (14). We 
evaluated 293 cells stably overexpressing bcl-2 as 
well as the Wt PTHR and found that bcl-2 partially 
prevented the effects of serum withdrawal on cell 
number and apoptosis (Fig. 5). However, overexpres- 
sion of bcl-2 was ineffective in inhibiting the corre- 
sponding effects of bPTH(1-34). 

The PTHR is known to signal through both the ad- 
enylyl cyclase/cAMP and PLC/Ca^/PKC pathways. 
We therefore investigated the role of these pathways 
in mediating the effects of PTH on 293 cell number and 
apoptosis. cAMP is known to induce apoptosis in 
certain cells such as T cells (22). However, two lines of 
evidence indicate that this pathway is neither neces- 
sary nor sufficient to produce apoptosis in 293 cells. 
First, receptor-independent production of cAMP, in- 
duced by treatment with forskolin, did not affect cell 
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Fig. 4. Effect of Inhibitors of Caspase 1 (YVAD) or Caspases 3 and 8 (DEVD) on Growth Inhibition (A) and Apoptosis (B) of HEK 
293 Cells after 3 Days of Serum Withdrawal (No Serum) or Treatment with bPTH(1-34) (1 /xm) 

Caspase inhibitors were added on day 0 and were present continuously (either separately or together) each at a concentration 
of 0.2 fjM. 




Control +PTH No Serum Control + PTH No Serum 



Fig. 5. Effect of Overexpression of bcl-2 on Cell Number and Apoptosis in HEK 293 Cells Treated with PTH or Subject to Serum 
Withdrawal 

A, Western blot of bcl-2 in extracts of cells expressing the PTHR and bcl-2 (+), compared with cells expressing only the PTHR 
(-). The mobilities of the M r markers are indicated. B, Effect of 3 days of treatment with bPTH(1-34) (1 /xm) or 3 days of serum 
withdrawal on cell number in cells ± overexpression of bcl-2. C, Effect of 3 days of treatment with bPTH(1-34) (1 /am) or 3 days 
of serum withdrawal on apoptosis of cells ± overexpression of bcl-2. 



number or induce apoptosis (Fig. 6). Second, activa- 
tion of adenylyl cyclase via isoproteronol-induced ac- 
tivation of endogenous j8 2 -adrenergic receptors failed 
to reduce cell number or induce apoptosis (Fig. 6). 



02-Adrenergic receptors are known to signal via Gs- 
mediated activation of adenylyl cyclase, and not via 
Gq-mediated PKC/PLC activation. Third, 30 /xm H-89, 
a concentration known to inhibit PKA in 293 cells (23), 
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Fig. 6. Effects of Activators and Inhibitors of Signal Transduction Pathways on Cell Number (A) and Apoptosis (B) of HEK 293 
Cells 

Cells expressing the Wt PTHR were treated with forskolin (100 aam), the PKA inhibitor H-89 (30 alm), the PKC inhibitor GF 
109203X (6 /am) (Bis Indo), or thapsigargin (0.4 nwi). In some cases, cells were exposed to bPTH(1-34) (1 /am) for 3 days in the 
presence or absence of pharmacological agents. Cell number and apoptosis were also evaluated in HEK 293 cells overexpressing 
the /3 2 -adrenergic receptor (/3 2 -R) after a 3-day treatment with isoproterenol (10 aim). In panel A), the Wt and PLC-deficient PTHR 
(CO) were compared with respect to reduction in cell number in response to a submaximal dose of bPTH(1-34) (1 hm). 



had no significant effect on PTH suppression of cell 
number or PTH-induced apoptosis (Fig. 6). 

The other major signaling pathway activated by the 
PTHR is the Gq-mediated PLC/Ca, 2+ /PKC pathway. 
Several approaches were used to assess a possible 
role for this pathway in mediating the effects of PTH on 
cell number and apoptosis. Thapsigargin is a 
Ca 2+ ATPase inhibitor that elevates intracellular cal- 
cium concentration [Ca 2_, ~] i( by promoting its release 
from intracellular stores, and induces apoptosis in cer- 
tain cells (24). Thapsigargin was potent in reducing 
293 cell number and inducing apoptosis (Fig. 6). The 
bisindolylmaleimide inhibitor of PKC, GF 1 09203X, at a 
maximally effective dose (6 /am) weakly inhibited (by 
-20%) PTH-induced TUNEL staining, suggesting a 
minor role for PKC in the apoptotic response (Fig. 6B). 
Further support for a role for PLC came from the use 
of a mutant PTHR defective in PLC signaling. We have 
previously shown that alanine mutations of key resi- 
dues in the N-terminal region of the third cytoplasmic 
loop of the PTHR (R377A,V378A, L379A), result in a 
receptor (termed CO) that displays reduced PTH-stim- 
ulated PLC signaling with retention of adenylyl cyclase 
signaling (25). Compared with 293 cells expressing the 



Wt PTHR, cell expressing this mutant were not as 
susceptible to the reduction in cell number elicited by 
a submaximal dose of bPTH(1-34) (1 nM) (Fig. 6A). At 
a maximal dose, however, bPTH(1-34) (1 /am) reduced 
cell number to the same degree as with cells express- 
ing the Wt PTHR (data not shown). Further evidence 
for a role of PLC/Ca 24 * signaling came from studies of 
293 cells stably expressing the calcium-binding pro- 
tein, calbindin-D28k. These cells were partially pro- 
tected from both the reduction in cell number and the 
induction of apoptosis in response to PTH treatment 
(Fig. 7). However, calbindin overexpression did not 
protect cells from the effects of serum withdrawal. 

To more precisely assess the role of specific G 
protein subunits in mediating the apoptotic action of 
PTH, we used 293 cells transfected with constructs 
encoding known inhibitors of fiy and a p -subunit func- 
tion. RGS4 accelerates the GTPase activity of a q and 
thereby inhibits receptor-mediated activation of effec- 
tors such PLC. A line of 293 cells stably overexpress- 
ing RGS4 has previously been shown to display sup- 
pressed receptor-stimulated PLC activity (26). We 
expressed the PTHR in these cells (which were kindly 
provided to us by Dr. Susanne Mumby), and assessed 
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Fig. 7. Effect of bPTH(1-34) (1 /im) and Serum Withdrawal on Cell Number (A) and Apoptosis (B) of HEK 293 Cells Expressing 
the Wt PTHR with and without Overexpression of the Calcium-Binding Protein Calbindin 

Cells were subject to PTH treatment (+ PTH) or serum withdrawal (No Serum) for 3 days. PTH-induced reduction in cell number 
and induction of apoptosis were significantly suppressed in cells overexpressing calbindin (P values <0.05 and <0.01, respec- 



the ability of PTH to produce a reduction in cell num- 
ber and an increase in apoptosis (Fig. 8). Expression of 
RGS4 almost fully prevented the PTH-induced reduc- 
tion in cell number and inhibited the apoptotic re- 
sponse to PTH by about 75%. A C-terminal fragment 
of G protein-coupled receptor kinase 2 (CtGRK2) is 
known to bind G protein j3y-subunits and thus to in- 
hibit their ability to activate effectors (27). We evalu- 
ated the ability of the PTHR to initiate apoptotic sig- 
naling in 293 lines overexpressing CtGRK2 (Fig. 9). 
Overexpression of CtGRK2 blocked jS-adrenergic re- 
ceptor-mediated activation of MAP kinase, a process 
known to be dependent upon the 0y-subunits of Gi 
(28). This demonstrates that sufficient CtGRK2 was 
expressed to inhibit the functional activity of /3y-sub- 
units after G protein activation. However, these cells 
were fully responsive to PTH, both with respect to the 
reduction in cell number and induction of apoptosis. 

The ability of PTHR signaling to efficiently kill 293 
cells made it possible to select ceils resistant to this 
action. To accomplish this, 293 cells expressing the 
Wt PTHR were exposed to the UV-sensitive chemical 
mutagen, trimethylpsoralen (TMP), together with UV 
irradiation (29). Cells were subsequently grown in the 
continual presence of 1 jtM bPTH(1-34). All cells ex- 
posed only to the mutagen or only to UV irradiation 
died within 2 weeks in the presence of bPTH(1-34). 
However, cells resistant to the killing effect of PTH 
were present in cultures treated with both TMP and UV 
irradiation. Twenty four clonal lines of PTH-resistant 



cells were isolated, of which 22 were found to bind 
radiolabeled PTHrP at levels comparable to non- 
mutagenized cells. The effects of PTH on cell number 
and apoptosis in two mutagenized clonal cell lines are 
shown in Fig. 10. These cell lines displayed markedly 
reduced sensitivity to the effects of PTH, but were fully 
sensitive to the effects of serum withdrawal. For these 
two clonal lines, and indeed for all of the 24 PTH- 
resistant clones (not shown), serum withdrawal in- 
duced apoptosis (Fig. 11). Also shown is the effect of 
tumor necrosis factor-a (TNFa) (10 ng/ml) on cell num- 
ber and apoptosis of these cells. Nonmutagenized 293 
cells displayed both reduction of cell numbers and 
apoptosis in response to TNFa. However, the mu- 
tagenized, PTH-resistant clonal cell lines proved to be 
heterogeneous, with several (such as clone 19) dis- 
playing resistance to the effects of TNFa, whereas 
others (such as clone 22) remained fully sensitive to 
TNFa. 



DISCUSSION 

The elucidation of mammalian apoptosis pathways 
has lagged behind that of Caenorhabditis elegans and 
is only partially defined at present in one case, that of 
the FAS/TNF receptor family (30). This highlights the 
importance of understanding other apoptosis path- 
ways. The objectives of the present study were to 
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Fig. 8. Effects of RGS4 Expression on Cell Number (A) and Apoptosis (B) in HEK 293 Cells Expressing the Wt PTHR 

A, Cells were maintained under normal growth conditions in the presence of serum (Control), treated with 1 /im bPTH{1^34) in 
the presence of serum {+ PTH), or grown in the absence of serum (-Serum). Daily counts of adherent cells were taken over a 
3-day period. B, Cells were treated with 1 jam bPTH(1^34) for 3 days, and the percent of apoptotic nuclei was determined by 
TUNEL staining, as described in Materials and Methods. In both cases, cells expressing RGS4 were compared with cells stably 
transfected with the corresponding empty vector (pCB6). 



assess whether PTHR activation can initiate apoptotic 
signaling and, if so, to characterize the signaling path- 
ways mediating such a response. 

Current understanding of mammalian apoptosis 
pathways is derived, in part, from the study of apo- 
ptosis induced by activation of the TNFa receptor 
(TNFR). Most cells express the TNFR (30), and TNFa 
was found in the present study to be a potent inducer 
of apoptosis in HEK293 cells (Fig. 10). Receptors in 
this TNFR superfamily contain a cytosolic region re- 
quired for cell death signal transduction, termed the 
"death domain." After ligand binding and TNFR trim- 
erization (Fig. 11), the death domain couples receptors 
to signaling molecules such as TRADD (TNFR-associ- 
ated death domain protein). TRADD is an adapter mol- 
ecule that couples receptors to caspase proteases. 
Recruitment of a procaspase to the receptor/TRADD 
complex results in procaspase cleavage and formation 
of an active dimer (20). The newly active caspase is 
then able to cleave various "death substrates" such as 
other caspases. More than 10 caspases have been 
identified thus far, and a variety of substrates have 
been characterized, including calpains, nuclear scaf- 
fold proteases, gelsolin, and signaling pathway com- 
ponents (19, 31). The end result of this caspase cas- 
cade is DNA fragmentation (19, 20) and the 



morphological criteria that distinguish apoptosis from 
necrosis such as DNA condensation and the fragmen- 
tation of the nucleus before cytolysis (18). 

Evaluation of the amino acid sequence of the PTHR 
does not reveal the presence of a cytosolic death 
domain, indicating that an alternative mechanism likely 
to involve G protein activation initiates the apoptotic 
response to PTHR activation. PTHR-mediated apo- 
ptosis, like that induced by the TNFR, appears to 
require the activation of caspases, since apoptosis 
was partially abrogated by caspase inhibitors. That the 
inhibition was only partial may reflect the fact that 
other caspases in the cascade were activated or that 
inhibition of the caspases was incomplete. The com- 
bination of inhibitors was more effective than each 
inhibitor individually, consistent with the notion that 
PTHR-induced apoptosis is associated with the acti- 
vation of multiple caspases. PTHR activation induced 
DNA fragmentation, as did serum withdrawal. Addition 
of PTH potentiated the effects of serum withdrawal 
(data not shown), a result that suggests that 293 cells 
possess at least two separate pathways by which 
apoptosis can be induced. In addition, PTH treatment 
induced other markers of apoptosis such as phos- 
phatidyl serine translocation at an early time (5 h), and 
the number of cells with fragmented nuclei and lost 
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Fig. 9. Effects of CtGRK2 Expression on Cell Number (A), Apoptosis (B), and MAP Kinase (C) in HEK 293 Cells Expressing the 
Wt PTHR 

A, Cells were maintained under normal growth conditions in the presence of serum (Control), treated with 1 jam bPTH(1-34) in 
the presence of serum (+ PTH), or grown in the absence of serum (-Serum). Daily counts of adherent cells were taken over a 
3-day period. B, Cells were treated with 1 jam bPTH(1-34) for 3 days, and the percent of apoptotic nuclei was determined by 
TUNEL staining, as described in Materials and Methods. (C) Cells were transfected with a MAP kinase-activated luciferase 
reporter plasmid, as described in Material and Methods. Three days later, cells were treated with 1 jim isoproterenol, and 
luciferase activity was measured. In all three cases, cells expressing CtGRK2 were compared with cells transfected with the 
corresponding empty vector (pCEP4). 
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Fig. 10. Effects of PTH, TNFa, and Serum Withdrawal on Cell Number (A) and Apoptosis (B) of Control and Mutagen-Treated, 
PTH-Resistant Clonal HEK 293 Cells 

Cells were treated with the mutagen TMP together with UV irradiation, and PTH-resistant clonal lines were isolated as 
described in Materials and Methods. Two PTH-resistant clonal lines were compared with non-mutagen-treated HEK cells 
expressing the Wt PTHR (Wt). Shown are the effects of 3 days of exposure to bPTH(1-34) (1 /iM), TNFa (10 ng/ml), or serum 
withdrawal. 



viability (assessed by electron or light microscopy) 
was similar to the number of cejls with fragmented 
DNA as determined by TUNEL assay. These findings 
confirm that the effect of PTH on 293 cells was to 
induce apoptotic rather than necrotic cell death. 

Mammalian cells can often be protected from apo- 
ptotic stimuli, including TNFa, by overexpression of 
the protooncogene bcl-2 (32). The mode of action of 
bcl-2 is at present unclear, although it may protect 
mitochondrial membrane integrity, prevent the pro- 
apoptotic activity of bcl-2 homologs such as bad or 
bax by forming inactive heterodimers (32), or perhaps 
act by inhibiting a protein required for caspase acti- 
vation (33). Bcl-2 may exert its effect at the level of 
caspases 8 and 10, but it does not inhibit caspase 3, 
which may therefore be acting more downstream in 
the apoptosis cascade. In fact, bcl-2 can itself be a 
substrate for caspase 3 (34). Overexpression of bcl-2 
has been found to repress transcription in response to 
serum withdrawal in 293 cells (14) and to abrogate 
serum withdrawal-induced apoptosis in PTHR ex- 
pressing 293 cells (Fig. 5). However, bcl-2 overexpres- 
sion did not prevent PTH-induced apoptosis, consis- 
tent with the utilization of a different pathway from that 
activated by serum withdrawal (Fig. 11). Thus, unlike 
the TNFR pathway, the PTHR-mediated apoptosis 
pathway appears to be bcl-2 independent. Alternately, 
it is possible that PTHR activation leads to a rapid 
degradation of bcl-2 even in cells overexpressing the 
protooncogene. 



The PTHR-activated signaling pathway that in- 
duces apoptosis appears to be the Gq-mediated 
PLC/Caj 2+ pathway. Increases in cAMP, known to 
induce apoptosis in certain cells (22), was neither 
necessary nor sufficient for PTH-induced apoptosis 
in 293 cells. PKC inhibition was only weakly effective 
at inhibiting PTH-induced cell death, suggesting a 
small contribution of PKC activation to apoptotic 
signaling, as has been observed in other systems 
(35). Thapsigargin was a powerful inducer of apo- 
ptosis, consistent with a role for calcium mobiliza- 
tion. A variety of studies have implicated changes in 
calcium ion homeostasis in apoptosis (36-39), but 
the underlying mechanisms are unclear. Experimen- 
tally induced calcium store depletion induced by 
stimulation of inositol-1,4,5- trisphosphate (IP 3 ) re- 
ceptors or by inhibition of Ca 2+ -ATPase activity can 
result in apoptosis (24, 40). It is possible that cal- 
cium store depletion is sensed by the cell and di- 
rectly leads to an apoptotic response. Alternatively, 
it has been suggested that an increase in plasma 
membrane calcium permeability resulting from cal- 
cium store depletion signals apoptosis (41). Possi- 
ble targets for the resulting elevations in [Ca 2+ ]j 
include proteases such as calpains or caspases, or 
protein kinases, which then promulgate the apopto- 
tic signal (21). A crucial role for Ca^" 1 " has been 
documented in neuronal cells where overexpression 
of the calcium-binding protein calbindin 28 kDa was 
found to rescue cells from apoptosis (41 , 42), pre- 
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Fig. 11. Model Showing Putative Pathways Leading to Apoptosis Induced by PTHR Activation, TNFa, and Serum Withdrawal in 
HEK 293 Cells 

For the PTHR, binding of PTH at the cell surface results in activation of Gs and Gq. The present results suggest that apoptosis 
is induced by an increase in [Ca 2 *], (which can be inhibited by calbindin D28K), presumably resulting from PLC activation 
mediated by the 34 a-subunit of Gq. Increased [Ca 2+ ]j induces apoptosis via activation of components of the caspase cascade, 
including caspases 1 and 3. Results from other studies indicate that activated TNFa receptors (TNFR1) recruit TRADD to the 
membrane, which in turn initiates a caspase cascade involving caspases 8 and 1 0 as well as caspases 1 and 3. Serum deprivation 
also produces activation of these caspases, leading ultimately to apoptosis. Bcl-2 is thought to act as an inhibitor of caspases 
8 and 10, and thus protects cells from apoptosis induced by TNFa and serum withdrawal, but not PTH. Inhibitors of caspases 
1 and 3 only partially protect cells from apoptosis, suggesting the existence of alternative downstream apoptotic pathways. 



sumably by buffering the cytosol against increases 
in [Ca 2+ ],. In the present study, calbindin overex- 
pression was found to protect 293 cells from PTH- 
induced apoptosis, but not from serum withdrawal- 
induced apoptosis. This supports the hypothesis 
that a PLC-dependent increase in [Ca 2H "], mediates 
PTHR-induced apoptosis, whereas the effect of se- 
rum withdrawal is independent of [Ca 2 "^. 

Of the two G protein pathways known to be acti- 
vated by the PTHR, only G q is affected by RGS4. Thus 
the observation that RGS4 markedly suppressed PTH- 
induced apoptosis strongly supports a role of G q sig- 
naling in mediating the apoptotic response to PTH. 
Although the /3-y-subunits of G 8 or G q that are released 



after PTHR activation could theoretically contribute to 
PLC activation (43), the finding that overexpression of 
CtGRK2 failed to inhibit apoptosis points to the central 
role of the a-subunit of G q in initiating apoptotic sig- 
naling via PLC in this system. 

The efficiency with which PTH treatment induced 
apoptosis of 293 cells expressing the Wt PTHR made 
it possible to use chemical mutagenesis with TMP 
together with UV irradiation to generate clonal cell 
lines resistant to this effect of PTH. Nearly all of the 
PTH-resistant clonal lines obtained displayed near Wt 
levels of PTHrP binding, ruling out loss of expression 
of the PTHR as the basis of PTH resistance in these 
lines. All of the PTH-resistant cell lines displayed ap- 
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optosis in response to serum withdrawal, indicating 
that downstream components of the apoptotic signal- 
ing pathway were intact. Some of the clonal lines also 
remained responsive to apoptosis induced by treat- 
ment with TNFa, suggesting that disruption of apo- 
ptotic signaling occurred relatively upstream in the 
PTHR-mediated apoptotic pathway (e.g. at the level of 
phospholipase C activation or Ca^ mobilization/ac- 
tion) (Fig. 11). Other cell lines were resistant to TNFa 
as well as PTH, indicating that TMP/UV-induced dis- 
ruption occurs at more distal sites that are common to 
the actions of both agents (e.g. at the level of the 
caspase cascade. These PTH-resistant cell lines will 
be helpful in defining the nature of the apoptotic sig- 
naling pathways used by PTH and TNFa. 

In conclusion, these results indicate that PTHR signal- 
ing elicits an apoptotic response in 293 cells by a mech- 
anism other than activation of adenylyl cyclase. The 
present study provides evidence that apoptosis is me- 
diated by the Gq-PLC/Ca i 2 ~ t ' signaling pathway. The ap- 
optosis so produced differs from that induced by serum 
withdrawal in that bcl-2 does not protect against PTHR 
activation, whereas calbindin overexpression protects 
against apoptosis elicited by PTH, but not serum with- 
drawal. In addition, the PTHR and TNFR pathways ap- 
pear to share downstream components of apoptotic sig- 
naling. Thus, this model system will be useful in the 
further characterization of the molecular mechanisms of 
PTH-induced apoptosis and in the identification of novel 
components of the PTHR-mediated apoptotic signaling 
pathway. Additional studies are in progress to assess the 
relevance of the apoptotic signaling pathway identified 
here to the diverse physiological responses initiated by 
the PTHR in vivo. 



MATERIALS AND METHODS 

Materials 

Synthetic bPTH{1-34) and bPTH{7-34) were from Bachem 
California, Inc. (Torrance, CA). TNFa was obtained from R&D 
systems (Minneapolis, MN). The apoptag (TUN EL) assay kit 
was from Oncor (Gaithersburg, MD). Enhanced green fluo- 
rescent protein (EGFP), Annexin V Kit, and cell-permeable 
caspase inhibitors zYVAD and zDEVD were obtained from 
CLONTECH Laboratories, Inc. (Palo Alto, CA). Hoechst 
33342 nuclear dye, TMP, methylgreen, forskolin, H-89, the 
bisindolylmaleidmide GF 109203X, and paraformaldehyde 
were obtained from Sigma (St. Louis, MO). Syto 13 vital dye 
was obtained from Calbiochem (San Diego, CA). Thapsigar- 
gin was obtained from Molecular Probes, Inc. (Eugene, OR). 
The monoclonal antibody against bcl-2 was from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA). 

Stable Cell Lines 

HEK 293 cells were transfected with the cDNA encoding the 
opossum kidney (OKO) PTH receptor (kindly provided by Drs. 
H. Juppnerand G. Segre). subcloned into pCDNA3.1 (Invitro- 
gen, Carlsbad, CA). After transfection using the Ca 2 P0 4 pre- 
cipitation method (44), clones were selected with G41 8 anti- 
biotic (200 fig/m\) and isolated using limiting dilution in 96 



well plates. Receptor expression was confirmed using West- 
em blotting and ligand binding ( 125 l-PTHrP) techniques, as 
previously described (23). Complementary DNA encoding the 
human 0 2 -adrenergic receptor (kindly supplied by Dr. M. von 
Zastrow) was subcloned into the H/ndlll and Not\ sites of the 
episomal vector pCEP4 (Invitrogen). Transfected cell pools 
were isolated by selecting cells in the presence of 200 fxg/ml 
hygromycin. Control 293 cells were selected after transfec- 
tion with pCEP4 vector alone. Complementary DNA encoding 
human bcl-2 (kindly supplied by Dr. S. Massa) and the C- 
terminal fragment of GRK2 (CtGRK2, kindly supplied by Dr. 
R. Lefkowitz) were subcloned into pCEP4; the rat calbindin 
28 kDa cDNA was in pREP4 (45). Each construct was trans- 
fected separately into 293 cells stably expressing the PTHR, 
and hygromycin selection was carried out to generate trans- 
fected cell pools, as described above. cDNAs encoding the 
OKO Wt and the mutant PTH receptor R377A,V378A, L379A 
(CO) (25) were also subcloned into pCEP4 at the H/ndlll and 
Not\ sites. These cDNAs were transfected into 293 cells, and 
selection was carried out with hygromycin as described 
above. Scatchard analysis demonstrated that the 293 ceils 
lines expressed comparable numbers of Wt and mutant (CO) 
receptors (-500,000 receptors per cell). For studies of RGS4, 
293 cells stably transfected with a cDNA encoding RGS4 (in 
the expression plasmid pCB6), and control cells stably trans- 
fected with pCB6 alone, were provided by Dr. S. Mumby (26). 
Each of these cell lines was transfected with a cDNA encod- 
ing the Wt PTHR in pCEP4, and selection of cell pools was 
carried out with hygromycin as described above. Compara- 
ble levels of functional PTHR expression were obtained in 
these cell lines. 



Assessment of Cell Number 

HEK 293 cells expressing the appropriate receptors were 
subcultured using 0.25% trypsin, and plated at a density of 
approximately 10* cells per well (50 cells/mm 2 in 12-well 
plates). Twenty four hours later, the medium (DM EM with 
10% FCS, 1% penicillin/streptomycin) was replaced with 
medium containing PTH or with serum-free medium (t = 0) 
and cells were cultured for a 72-h period. Adherent cells were 
counted every 24 h. Cells did not approach confluence under 
these conditions. 



TUN EL Assay 

After 24, 48, and 72 h in culture, cells were detached using 
Ca 2+ /Mg 2+ free PBS. Cells were centrifuged at 300 rpm, the 
supernatant was removed, and cells were suspended and 
immediately fixed in 4% paraformaldehyde for 10 min. Ali- 
quots of fixed cells were allowed to dry on a coverslip sur- 
face, and then washed in 10 mM Tris-HCI, pH 8.0, for 5 min. 
Cells were permeabilized with 0.1% Triton X-100 in 10 mM 
Tris-HCI, pH 8.0, for 5 min, and after washing with 10 mM 
Tris-HCI, pH 8.0, were preincubated with terminal deoxynu- 
cleotidyl transferase. After 10 min, the reaction mixture 
containing terminal deoxynucleotidyl transferase and biotin- 
ylated dUTP was added. After 1 h at 37 C, the reaction was 
terminated. Cells were washed with PBS and incubated with 
streptavidin peroxidase for 30 min. After extensive washing 
and counterstaining with methyl green, cells were examined 
and scored positive or negative for DNA fragmentation. 

DNA Fragmentation by Gel Electrophoresis 

293 cells in 10-cm dishes were lysed with 0.1 m NaCI, 10 mM 
Tris HCI, pH 7.4, and 1 mM EDTA with 0.3% SDS, and 
incubated with proteinase K overnight at 55 C. Samples were 
extracted with phenol/chloroform, and DNA was precipitated 
and resuspended in Tris-EDTA, pH 8.0, and treated with 
ribonuclease for 1 h at 37 C. Electrophoresis was performed 
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on a 4% agarose gel at 50 V for 4 h t in the presence of 0.5 
fLg/ml ethidium bromide. 

Evaluation of MAP Kinase Activation 

/3-Adrenergic stimulation of MAP kinase was assessed using 
an Elk1 reporter system (PathDetect, Stratagene). In brief, 
293 cells stably expressing the Wt PTHR were cotransfected 
(using the calcium phosphate method) with two plasmids - 
one encoding the transactivation domain of Elk1 (fused to the 
DNA-binding domain of GAL4) and other containing a lucif- 
erase reporter gene bearing tandem repeats of a GAL4 bind- 
ing sequence. Three days later, cells were treated ± 1 /xm 
isoproterenol for 6 h, and luciferase activity was measured 
using the Promega Corp. luciferase assay kit according to the 
manufacturer's instructions. 



Light/Fluorescence Microscopy 

Light and fluorescence microscopy was carried out with an 
inverted Nikon (Garden City, NY) fluorescent microscope, 
equipped with 10x t 20x, and 40x objectives. For Annexin V 
staining, vital stain Syto 13, and propidium iodide, a fluores- 
cein isothiocyanate/rhodamine filter set, was used. For 
Hoechst 33342 nuclear stain, a 340-nm excitation filter was 
used, and for EGFP visualization fluorescent excitation was 
carried out at 390 nm and a 51 0-nm emission filter was used. 



Electron Microscopy 

After 24, 48, and 72 h growth in 10-cm culture dishes, 293 
cells were fixed with 2.5% glutaraldehyde in ice-cold 0.2 m 
sodium cacodylate buffer (pH 7.4) for 4 h. Cells were washed 
in PBS three times and postfixed in 1 % osmium tetroxide for 
30 min. Cells were then dehydrated in ascending grades of 
ethyl alcohol and embedded in resin. Ultrathin sections were 
cut and stained with uranyl acetate and lead citrate (4%) and 
examined using a H7000 electron microscope (Hitachi Sci- 
entific Instruments, Inc., San Jose, CA). 

TMP Mutagenesis 

A 3 mg/ml stock solution of TMP in dimethylsulf oxide was 
diluted with DMEM to a final concentration of 30 ^g/ml. This 
TMP solution was added to 293 cells expressing the Wt 
PTHR, and the flasks were rocked in the dark for 15 min at 
room temperature. Cells were then exposed to UV irradiation 
(Blak-Ray lamp, 350 /xW/cm 2 , Fisher Scientific, Pittsburgh, 
PA) for 60 sec. Cells were allowed to grow for 16 h at 37 C, 
after which time 1 /xm bPTH(1-34) was added to the medium. 
Subsequently, cells were grown in the continuous presence 
of bPTH(1-34) until all cells died or until surviving clones were 
of sufficient size to isolate using a cloning ring (-14 days after 
UV treatment). These PTH-resistant cells were expanded for 
further study. 
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